Louisiana State University

LSU Digital Commons
LSU Doctoral Dissertations

Graduate School

2008

Cryopreservation of Adipose Derived Adult Stem Cells and
Multidimensional Cell Sheets
Sreedhar Thirumala
Louisiana State University and Agricultural and Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_dissertations
Part of the Mechanical Engineering Commons

Recommended Citation
Thirumala, Sreedhar, "Cryopreservation of Adipose Derived Adult Stem Cells and Multidimensional Cell
Sheets" (2008). LSU Doctoral Dissertations. 2368.
https://digitalcommons.lsu.edu/gradschool_dissertations/2368

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Doctoral Dissertations by an authorized graduate school editor of LSU
Digital Commons. For more information, please contactgradetd@lsu.edu.

CRYOPRESERVATION OF ADIPOSE DERIVED ADULT STEM
CELLS AND MULTIDIMENSIONAL STEM CELL SHEETS

A Dissertation

Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
In partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in
The Department of Mechanical Engineering

by
Sreedhar Thirumala
B.Tech, Jawaharlal Nehru Technological University, Jan 2000
M.S, Louisiana State University, May 2004
May, 2009

DEDICATION

TO MY PARENTS

ii

ACKNOWLEDGEMENTS
It is a pleasure to thank the many people who made this dissertation possible.
First and foremost, I would like to thank my advisor, Dr. Ram Devireddy, for lending his
valuable time to teach and guide me, without whom this work would not have been
possible. I would sincerely thank him for his technical insight and patience in motivating
and nurturing me throughout this work.
Next, I would like to sincerely express my gratitude to Dr. Jeffrey Gimble for his
invaluable guidance and support throughout my study at LSU. His gentle nature and
moral support during my difficult times was more than what I needed and I am ever
grateful to him. His depth of knowledge and ability to achieve perfection will always be
my inspiration. My sincere thanks also go to my committee members, Dr.
Charalampopoulos, Dr. Michael Murphy, and Dr. Todd Monroe who have been helpful
and generous with their time and expertise to evaluate my dissertation. I would like to
thank Dean’s representative Dr. Robb Brumfield for being in my committee and for his
suggestions during my proposal defense.
I would like to have this opportunity to thank Dr. Richard Rogers and Dr. Gerlinda
Hermann for their guidance and support with ASCs calcium study. Thanks are also due
to Dr. Proyag Datta for introducing me to a new horizon in bio-microfluidic research. I
highly appreciate Dr. Sungook Park suggestions with cell sheet engineering study.
I also thank all my friends and colleagues in the Bioengineering Laboratory and
Stem Cell Laboratory for providing me with an environment and support for my work. I
extend my sincere gratitude to Dr. Xiying Wu, Sudheer, Brian Goh, Gang Yu, Dinesh and
iii

Taehyun Park for their valuable suggestions and for the fruitful discussions we had
during my course and research work. I am thankful to all my friends and well wishers,
especially Rupesh, Sachin, Vamsi and Raghava for their support in terms of providing
congenial surroundings and making my stay at LSU memorable and enjoyable. I wish to
specially thank my friends Muniraju, Prashanth Nookala, Brahma, Keerthi and Deepika
for helping me get through the difficult times, and for their support, amity and thoughts
they provided which motivated towards my work. There are countless other people
whose names and faces pass through my mind as I ruminate about this period at LSU.
So, I would have to include all of them saying that it was really a pleasure knowing them
and that aspect, as much as anything else, made this whole journey worthwhile.
Finally, and most importantly, I would like to thank my wife ‘Sunitha’ for her
support, encouragement, quiet patience and unwavering love were undeniably the
bedrock upon which the past several years of my life have been built. My final
acknowledgement is due to my parents and family members back in India, who were
always behind me with their prayers, love and blessings, encouraged me and provided
tremendous support throughout my life. Without their help, I wouldn’t have been here.
I would like to dedicate this work to my beloved parents SaraswathammaThirumala and
Sada Nandam Thirumala.

iv

TABLE OF CONTENTS

DEDICATION ...............................................................................................................ii
ACKNOWLEDGEMENTS .............................................................................................. iii
LIST OF TABLES ........................................................................................................ viii
LIST OF FIGURES.......................................................................................................... x
ABSTRACT................................................................................................................ xiv
CHAPTER 1. INTRODUCTION AND REVIEW...................................................................1
1.1CRYOBIOLOGY ............................................................................................................ 1
1.2 CRYOPROTECTIVE AGENTS ........................................................................................ 2
1.3 CRYOPRESERVATION OF BIOLOGICAL SYSTEMS........................................................ 4
1.4 ADIPOSE DERIVED STEM CELLS (ASC)........................................................................ 8
1.5 CELL SHEET ENGINEERING....................................................................................... 12
1.6 OUTLINE OF DISSERTATION..................................................................................... 16
CHAPTER 2. TRANSPORT PHENOMENA DURING FREEZING OF ADIPOSE TISSUE
DERIVED ADULT STEM CELLS (ASCS) ..........................................................................17
2.1. INTRODUCTION ...................................................................................................... 17
2.2. MATERIALS AND METHODS.................................................................................... 18
2.2.1 Isolation, Collection and Culture of ASCs ......................................................... 18
2.2.2 Differential Scanning Calorimeter (DSC) Experiments ..................................... 19
2.2.3 Translation of DSC Heat Release Data to Water Transport Data ..................... 21
2.2.4 Water Transport Model and Numerical Methods............................................ 22
2.2.5 Numerical Methods .......................................................................................... 24
2.3. RESULTS AND DISCUSSION ..................................................................................... 24
2.3.1 Dynamic Cooling Response and Membrane Permeability Parameters ........... 24
2.3.2 Membrane Permeability Parametric Space ..................................................... 28
2.3.3 Water Transport Simulations ........................................................................... 34
2.3.4 Parameter Sensitivity Analysis - Effect of Varying Vb ....................................... 39
2.3.5 Effect of Varying Assumed Cell Diameter (or Surface Area to Volume Ratio) . 44
2.3.6 Effect of Cryoprotective Agents on Membrane Permeability Parameters ...... 45
2.3.7 Effect of Cryoprotective Agents on the Predicted Optimal Cooling Rates....... 46
2.4. CONCLUSIONS ........................................................................................................ 47

v

CHAPTER 3. THE EFFECT OF VARIOUS FREEZING PARAMETERS ON THE IMMEDIATE
POST-THAW MEMBRANE INTEGRITY OF ADIPOSE TISSUE DERIVED ADULT STEM
CELLS ........................................................................................................................48
3.1 INTRODUCTION ....................................................................................................... 48
3.2 MATERIALS AND METHODS..................................................................................... 49
3.2.1 Isolation, Collection and Culture of Adult Stem Cells....................................... 49
3.2.2 Freeze/Thaw Experimentst............................................................................... 50
3.2.3 Cell Membrane Integrity Measurements ......................................................... 51
3.2.4 Statistical Analysis ............................................................................................ 51
3.2.5 Data Analysis..................................................................................................... 55
3.3 RESULTS AND DISCUSSION ...................................................................................... 60
3.4 CONCLUSIONS ......................................................................................................... 80
CHAPTER 4. FREEZING AND POST-THAW APOPTOTIC BEHAVIOR OF CELLS IN THE
PRESENCE OF PALMITOYL NANOGOLD PARTICLES .....................................................81
4.1 INTRODUCTION ....................................................................................................... 81
4.2 THEORETICAL BACKGROUND .................................................................................. 83
4.3 MATERIALS AND METHODS..................................................................................... 84
4.3.1 Culture and Isolation of HeLa and Jurkat cells ................................................. 84
4.3.2 DSC Experiments............................................................................................... 86
4.3.3 Biophysical Parameter Estimation.................................................................... 87
4.3.4 Theoretical Prediction of Optimal Cooling Rates ............................................. 88
4.3.5 Freeze/Thaw Experiments................................................................................ 88
4.3.6 Brightfield Phase-Contrast Microscopy............................................................ 90
4.3.7 Cell Viability and Apoptosis/Necrosis Assessment........................................... 90
4.3.8 Statistical Analysis ............................................................................................ 91
4.4 RESULTS ................................................................................................................... 93
4.4.1 Cell Geometry and Osmotically Inactive Cell Volume (Vb) ............................... 93
4.4.2 Freezing Response of HeLa Cells ...................................................................... 94
4.4.3 Freezing Response of Jurkat Cells..................................................................... 96
4.4.4 Post-Thaw Viability and Apoptotic Response................................................. 100
4.5 DISCUSSION ........................................................................................................... 107
4.6 CONCLUSIONS ....................................................................................................... 112
CHAPTER 5. EVALUATION OF POLYVINYLPYROLLIDONE (PVP) AS A CRYOPROTECTANT
FOR ADIPOSE DERIVED STEM CELLS (ASCS).............................................................. 113
5.1 INTRODUCTION ..................................................................................................... 113
5.2 MATERIALS AND METHODS................................................................................... 116
5.2.1 Isolation, Collection and Culture of ASCs ....................................................... 116
5.2.2 Preparation of Freezing Solutions and Freezing (& Thawing) Experiments... 117
5.2.3 Cell Viability and Apoptosis/Necrosis Assessment......................................... 118
vi

5.2.4 In vitro Multilineage Differentiation .............................................................. 119
5.2.5 Extraction of Total RNA and RT-PCR Analysis................................................. 121
5.2.6 Statistical Analysis .......................................................................................... 121
5.3 RESULTS ................................................................................................................. 123
5.4 DISCUSSION ........................................................................................................... 132
5.5 CONCLUSIONS ....................................................................................................... 135
CHAPTER 6. FABRICATION OF MULTIDIMENSIONAL CELLS SHEETS USING ADIPOSE
DERIVED STEM CELLS ..............................................................................................136
6.1 INTRODUCTION ..................................................................................................... 136
6.2 MATERIALS AND METHODS................................................................................... 138
6.2.1 Materials......................................................................................................... 138
6.2.2 Preparation of Aqueous MC Solutions ........................................................... 138
6.2.3 Calorimetric Characterization of Aqueous MC Solutions............................... 139
6.2.4 Preparation of the MC Hydrogel Coated TCPS Dish ....................................... 139
6.2.5 In vitro Degradation, Swelling and Stability of MC Gels................................. 140
6.2.6 Culture of ASCs on MC Coated TCPS Dishes................................................... 141
6.3 RESULTS AND DISCUSSION .................................................................................... 142
6.3.1 Thermal Characterization of Aqueous MC Solutions ..................................... 142
6.3.2 Osmotic Response of Salt Blended MC Hydrogels ......................................... 146
6.3.3 Effect of Molecular Weight on the Gelation of MC Solutions........................ 148
6.3.4 In vitro Degradation and Swelling of MC Hydrogels....................................... 152
6.3.5 Culture of ASCs onto MC Coated Surface and Fabrication of Cell Sheets...... 154
6.4 CONCLUSIONS ....................................................................................................... 160
REFERENCES ........................................................................................................... 161
APPENDIX: PERMISSIONS TO USE PUBLISHED ARTICLES..........................................179
VITA .......................................................................................................................182

vii

LIST OF TABLES
Table 2.1

Predicted sub zero membrane permeability parameters and the model
predicted optimal rates of freezing for SVF and P0 ASCs for an assumed
inactive cell volume of Vb=0.6Vo ............................................................. 27

Table 2.2

Predicted sub zero membrane permeability parameters and the model
predicted optimal rates of freezing for P2 and P4 ASCs for an assumed
inactive cell volume of Vb=0.6Vo ............................................................. 27

Table 2.3

Predicted sub zero membrane permeability parameters and optimal
rates of freezing for adipose derived SVF and P0 ASCs for an assumed
inactive cell volume of Vb=0.4Vo ............................................................. 39

Table 2.4

Predicted sub zero membrane permeability parameters and optimal
rates of freezing for adipose derived P2 and P4 ASCs for an assumed
inactive cell volume of Vb=0.4Vo ............................................................. 40

Table 2.5

Predicted sub zero membrane permeability parameters and optimal
rates of freezing for adipose derived SVF and P0 ASCs for an assumed
inactive cell volume of Vb=0.8Vo. ............................................................ 41

Table 2.6

Predicted sub zero membrane permeability parameters and optimal
rates of freezing for adipose derived P2 and P4 ASCs for an assumed
inactive cell volume of Vb=0.8Vo. ........................................................... 42

Table 3.1

High and low values of each parameter used to define the experimental
matrix of freeze/thaw protocol............................................................... 52

Table 3.2

Parameter effects and total curvature values calculated from the
membrane integrity results..................................................................... 63

Table 3.3

Two parameter interaction effects calculated from the membrane
integrity results........................................................................................ 63

Table 3.4

Three and four parameter interaction effects calculated from the
membrane integrity results..................................................................... 66

Table 3.5

Minimum significant parameter values and minimum significant
curvature values calculated from the membrane integrity results for
several confidence levels (CLs)................................................................ 68

Table 4.1

Predicted subzero membrane permeability parameters and optimal
rates of freezing for HeLa and Jurkat cells. ............................................. 96
viii

Table 4.2

Effect of different treatments with non-frozen and assay controls on
resulting percentages of necrotic, live, and apoptotic HeLa cells
according to the annexin V apoptosis assay protocol........................... 103

Table 5.1

The % of viable, apoptotic, and necrotic ASCs obtained using FACS
analysis for cells frozen in 10% DMSO in DMEM media with either Fetal
Calf Serum or Human Serum ................................................................. 123

Table 5.2

The % of viable, apoptotic, and necrotic ASCs obtained using FACS
analysis for cells frozen in DMEM media with varying concentrations of
PVP......................................................................................................... 125

Table 5.3

The % of viable, apoptotic, and necrotic ASCs obtained using FACS
analysis for cells frozen in DMEM media with varying concentrations of
PVP with either 10% of Human Serum or with 10% Fetal Calf Serum .. 127

Table 6.1

Commercial names, molecular weights and maneagable aqueous
concentrations of methylcellulose (MC) ............................................... 139

Table 6.2

Gelation temperatures of MC-water solutions ..................................... 149

ix

LIST OF FIGURES
Figure 1.1

Biophysical response of single cells to freezing stress .............................. 5

Figure 1.2

Relation (inverted "U" shape) between percentage of survival and
cooling rate in three types of cells ........................................................... 7

Figure 1.3

Processing and differentiation ability of adipose derived adults stem cells
(ASCs)....................................................................................................... 10

Figure 1.4

Concept of cell sheet engineering........................................................... 13

Figure 2.1

Superimposed heat flow thermograms during freezing of osmotically
active (Curve A) and inactive cells (Curve B) ........................................... 21

Figure 2.2

Volumetric response of SVF cells as a function of subzero temperatures
in the presence of extracellular ice ......................................................... 26

Figure 2.3

Volumetric response of P0 ASCs as a function of subzero temperatures
in the presence of extracellular ice ......................................................... 29

Figure 2.4

Volumetric response of P2 ASCs as a function of subzero temperatures
in the presence of extracellular ice ......................................................... 30

Figure 2.5

Volumetric response of P4 ASCs as a function of subzero temperatures
in the presence of extracellular ice ......................................................... 31

Figure 2.6

Contour plots of the goodness of fit parameter R2 (=0.99) for water
transport response in SVF, P0, P2 and P4 ASCs...................................... 33

Figure 2.7

Volumetric response of adipose derived (SVF, P0) cells at various cooling
rates as a function of subzero temperatures .......................................... 35

Figure 2.8

Volumetric response of adipose derived (P2 and P4) cells at various
cooling rates as a function of subzero temperatures ............................. 36

Figure 3.1

Diagram of the three dimensional experimental matrix for ASCs
membrane integrity over high and low values of four thermal
parameters, namely cooling rate (CR), end temperature (ET), hold time
(HT) and thawing rate (TR) ...................................................................... 54

Figure 3.2

Geometric representation of main effects and two and three
interactions effects ................................................................................. 56

Figure 3.3

Membrane integrity data of Passage 0 (P0) of ASCs exposed to all the
freezing protocols in the experimental matrix........................................ 62
x

Figure 3.4

Membrane integrity data of Passage 1 (P1) of ASCs exposed to all the
freezing protocols in the experimental matrix ....................................... 64

Figure 3.5

Membrane integrity data of Passage 2 (P2) of ASCs exposed to all the
freezing protocols in the experimental matrix........................................ 67

Figure 3.6

Membrane integrity data of Passage 3 (P3) of ASCs exposed to all the
freezing protocols in the experimental matrix........................................ 70

Figure 3.7

Membrane integrity data of Passage 4 (P4) of ASCs exposed to all the
freezing protocols in the experimental matrix........................................ 71

Figure 3.8

A comparison of the single parameter effect for various passages of
ASCs ........................................................................................................ 73

Figure 3.9

A comparison of the two parameter interaction effect for various
passages of ASCs...................................................................................... 75

Figure 3.10

A comparison of the three parameter interaction effect for various
passages of ASCs...................................................................................... 77

Figure 4.1

The Boyle-van’t plot showing the resulting volume changes of the HeLa
and Jurkat cells ....................................................................................... 92

Figure 4.2

Volumetric response of HeLa cells as a function of subzero temperatures
obtained using the DSC technique .......................................................... 95

Figure 4.3

Volumetric response of Jurkat cells as a function of subzero
temperatures obtained using the DSC technique................................... 97

Figure 4.4

Contour plots of the goodness of fit parameter R2 (= 0.96) for water
transport response in HeLa (Fig 4.4A) and Jurkat (Fig 4.4B) cells ........... 99

Figure 4.5

18-hr post-thaw phase-contrast images (20x) of HeLa cells................. 101

Figure 4.6

Characteristic cytometer scatterplots and fluorescence dotplots showing
Fluorescence-activated cell sorting (FACS) analysis of cell death after
freezing .................................................................................................. 102

Figure 4.7

18-hour post-thaw comparison of the percentage of live, necrotic and
apoptotic HeLa cells .............................................................................. 105

Figure 5.1

Characteristic flow cytometer fluorescence dotplots showing
Fluorescence-Activated Cell Sorting (FACS) analysis of ASCs
frozen/thawed in the presence various concentrations (1, 5, 10, 20 and
40%) of PVP in DMEM .......................................................................... 122
xi

Figure 5.2

24-hour post-thaw comparison of the percentage of live, necrotic and
apoptotic ASCs are shown for various PVP treatments investigated ... 125

Figure 5.3

24-hour post-thaw comparison of the percentage of live, necrotic and
apoptotic ASCs are shown for various PVP treatments investigated in the
presence of 10% serum ......................................................................... 128

Figure 5.4

24-hour post-thaw comparison of the percentage of live, necrotic and
apoptotic ASCs are shown for various PVP treatments investigated ... 129

Figure 5.5

Representative phase contrast photomicrographs of P1 ASCs cultured
under untreated, adipogenic, or osteogenic conditions....................... 130

Figure 5.6

Optical density of the extracted dye of cryopreserved ASCs................ 131

Figure 6.1

Methylcellulose coating procedure for MC-collagen............................ 140

Figure 6.2

A calorimetric thermogram showing the incipient gelation temperature
of M0512 at 2% in 1X PBS solution ....................................................... 142

Figure 6.3

DSC thermograms of aqueous M0512 MC solutions at various
concentrations. From top curve to bottom curve: 1%, 2%, 3%, 4%, 5%
and 6% ................................................................................................... 143

Figure 6.4

DSC thermograms of aqueous M0512 MC solutions (2% w/v) blended
with different concentrations of PBS. From top curve to bottom curve:
0.0X, 0.5X, 1.0X, 2.0X, 4.0X and 6.0X..................................................... 145

Figure 6.5

Effect of the concentrations of M0512 and PBS on the gelation
temperature .......................................................................................... 147

Figure 6.6

Changes in the osmolality of the stromal media loaded in the M0512
coated TCPS dish ................................................................................... 147

Figure 6.7

Thermal gelation of M0262 as a function of concentration in 0.5 and 1X
PBS ......................................................................................................... 150

Figure 6.8

Thermal gelation of M07140 as a function of concentration in 0.5 and 1X
PBS ......................................................................................................... 150

Figure 6.9

Changes in the osmolality of the stromal media loaded in the M7140
coated TCPS dish. Aqueous solution of 14% MC was blended with 0.5X
PBS ......................................................................................................... 152

Figure 6.10

Percent swelling and percent degradation values of M7140, M0262, and
M0515.................................................................................................... 153
xii

Figure 6.11

ASCs cultured on MC coated TCPS dish................................................. 155

Figure 6.12

SEM image of collagen coating at room temperature .......................... 155

Figure 6.13

Passage 1 ASC attachment to MC+Collagen coated surface and to noncoated surface ....................................................................................... 156

Figure 6.14

Photomicrographs of passage 1 ASCs cultured on the MC + collagen
coated TCPS dishes................................................................................ 156

Figure 6.15

Photomicrographs of detaching ASC cell sheet with time (20X) .......... 157

Figure 6.16

Steps involved in generating multi-layered ASC tissue construct......... 159

xiii

ABSTRACT
Human adipose tissue provides a uniquely abundant and accessible source of adult stem
cells. In response to chemical, hormonal or structural stimuli, these human adipose-derived
adult stem (ASCs) cells can differentiate along multiple lineage pathways, including adipocytes,
chondrocytes, myocytes, neurons and osteoblasts. Successful cryopreservation of scientifically
and commercially important ASCs would revolutionize the tissue engineering and regenerative
medicine industry. In this research, we have investigated the water transport phenomenon
during freezing of several passages of adipose derived adult stem cells and generated the
membrane permeability parameters in the presence and absence of cryoprotective agents.
These measured permeability parameters were then used to find the optimal cooling rates for
freezing ASCs. We have also analyzed the individual and interaction effects of four important
thermal parameters (cooling rate, hold time, thawing rate and end temperature) on the postthaw viability of all passages (passage 0 to passage 4) of ASCs. We have then studied the effect
of nanoparticles on the water transport response and apoptotic behavior of biological systems
during a cryopreservation process.

Further, we have investigated the maintenance of

differentiation potential of post-freeze huASCs through histochemical staining. In an attempt to
eliminate the usage of chemical CPAs (DMSO/glycerol) during cryopreservation, studies were
conducted to investigate the possibility of using non toxic polymers, such as PVP, as
cryoprotective agents. Flow cytometry analysis was employed to assess the post-thaw viability
and apoptotic response of P1 ASCs frozen stored for more than two weeks in different
concentrations of PVP. The results suggest that PVP in fact posses’ cryoprotective properties

xiv

and produced reasonable good viability when compared to the most routinely used
cryopreservation media involving DMSO and serum. In another study, cell sheet engineering
approach has been applied to generate multi-dimensional cell sheets for tissue engineering
using ASCs.

xv

CHAPTER 1
INTRODUCTION AND REVIEW
1.1 CRYOBIOLOGY
Cryobiology is that branch of science, which deals with the effects of reduced
temperatures on living organisms, their constituent parts, and their products. One important
goal of the field of cryobiology is to preserve and store viable biological systems in the frozen
state for extended periods of time in order to ensure reproducible results and continuity in
research and biomedical processes. One such technique to preserve and genetically stabilize
the biological systems is the “cryopreservation” process. Cryopreservation refers to the storage
of a living organism at ultra- low-temperature in suspended animation for longer periods of
time, such that it can be revived and restored to the same living state as before it was stored.
Advances in cryopreservation technology have made it possible to develop new methods that
allow low temperature maintenance of a variety of cell and tissue systems.
Cryopreservation techniques are developed for the preservation of various biological
systems such as, microorganisms, isolated tissue cells, small multicellular organisms and even
more complex organisms such as embryos. These techniques have been successfully applied to
a variety of mammalian systems such as red blood cells, lymphocytes, platelets, granulocytes,
gametes and embryos, hepatocytes, bone marrow stem cells, cornea and skin, pancreatic
tissue, heart and kidney, etc. as reviewed by Mazur (1984) and McGrath (1975). Other
viewpoints of applied cryobiology that are of significance include the preservation of human
and non-human mammalian oocytes (Bernard and Fuller 1996), food freezing, tissue
engineered equivalents (Oegema et al., 1999), human and animal stem cells (Richards et al.,
1

2004; Thirumala et al., 2005; Thirumala et al., 2005; Fleming and Hubel 2006), protozoa and
parasites, insects, fish, microorganisms and plats, including algae (Walsh). Other applications
include cryopreservation of rat and human liver slices (Day et al., 1999), fish gametes and
aquatic species and spermatozoa from variety of species, including human sperm (Devireddy et
al., 1998; Devireddy et al.,2002 Thirumala et al., 2006; Thirumala et al., 2007; Alapati et al.,
2008). Successful cryopreservation of biological cells and tissues will impact a wide range of
human endeavors, including assisted reproductive techniques, cancer recovery and
rehabilitation procedures, organ storage and transplantation processes and conservation of
endangered species.
1.2 CRYOPROTECTIVE AGENTS
In general, freezing storage requires the addition of a class of chemicals denoted as
cryoprotective agents (CPAs) and their extensive use is based on the serendipitous observation
by Polge and co-workers (Polge et al., 1949) that sperm cells were able to survive freezing in the
presence of a chemical (glycerol) and did not survive the freezing process in its absence. There
is considerable divergence across the classes of organic molecules that possess some CPA
activity ranging from low molecular weight solutes like DMSO, glycerol, and sucrose (Fuller
2004; Lovelock, 1954) to high molecular weight polymers like PVP and hydroxyl ethyl starch
(Fuller 2004; Connor and Ashwood-Smith 1973). There are several hypotheses that have
attempted to explain the protective action of CPAs, but none of them are widely accepted and
well established (Lovelock 1954; Karrow 1974; Conner and Ashwood-Smith 1973). On the other
hand there is a significant amount of evidence suggesting that cryoprotective agents, albeit
their benefits, can actually play a direct role in producing cryoinjury (Fahy 1986; Fuller 2004).
2

Detrimental effects of cryoprotectants are almost as relevant to cryobiology as are their
cryoprotective effects (Fahy 1986).
Studies related to cryoprotectant action goes back to 1950s when Lovelock (1954)
demonstrated that the hemolysis of red blood cells depends on the permeability of the neutral
solutes and proposed partially permeable solutes offer only partial protection and high
molecular weight solutes to which the cell is impermeable offers little or no protection. A more
detailed attempt was made by Nash (1966) to explain the cryoprotectant action on a
combination of parameters based on the property of forming strong and numerous hydrogen
bonds, interaction with water molecules, and the volume occupied by a molecule of solute. If
hydroxyl radicals are the most likely reactive oxygen species to be produced at low
temperatures then oxygen free radical scavenging capacities of cryoprotectants (such as DMSO)
will make a significant contribution to their colligative and osmotic properties (Benson and
Bremner 2004). Anchordoguy et al., (1987) suggested additional modes of action of CPAs such
as electrostatic interaction of CPAs (such as Glycerol, Trehalose and Sucrose) with polar head
groups of phospholipids and the efficacy of CPAs depend on the strength of these interactions.
Arakawa, Timasheff and colleagues have shown that the effect of solute on the stability of
proteins derives from the balance between stabilizing and destabilizing effects of solute either
by preferential binding or preferential exclusion from the protein surface (reviewed by Crowe
et al., 1990). The disaccharide sugar, such as trehalose, has been shown preserving membrane
structure and function by interacting with polar head groups of phospholipids at hypertonic
exposures during freezing (Fuller 2004; Rudolph and Crowe 1985).

3

A systematic study on the use of polymers such as hydroxyl ethyl starch (HES) in
erythrocyte freezing has been conducted my Sputtek and colleagues (Fuller 2004; Sputtek and
Sputtek 2004). Conner and Ashwood-Smith (1973) proposed that the high molecular weight
CPAs which are found to be most effective with red blood cell cryopreservation, in fact possess
inadequate activity for nucleated cells when they used as only CPA. However they may make
significant contribution to success of freezing when used in combination with other permeating
CPAs such as DMSO, glycerol (Sputtek and Sputtek 2004). Farrant (1969) advocated that a
polymer such as polyvinylepyrrolidone (PVP) may exhibit enhanced colligative properties at
higher concentrations and may protect cells by lowering the external salt concentrations in a
manner similar to low molecular cryoprotectants. Mazur (1960) proposed that polymeric CPAs
avoid denaturing of the membranes by strong salt solutions at low temperatures either by
preventing seeding of the supercooled water inside the cells or by coating the sensitive plasma
membranes. In another study Williams (1983) suggested that the cryoprotective efficiency of
polymers reside in their ability to alter the physical properties of solutions during freezing
rather than in direct effects on cell membranes.
1.3 CRYOPRESERVATION OF BIOLOGICAL SYSTEMS
The freezing process involves complex phenomenon that, even after decades of
research, are not fully understood. Ice tends to form at different rates during a freezing
process. The generally accepted theory is based on Mazur’s Law which states that the
probability of an ice crystal to form at any temperature is a function of volume. The
extracellular space is much larger than the intracellular space. For this reason ice tends to form
first in the extracellular space and whereas intracellular solution becomes supercooled. Due to
4
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Figure 1.1: Biophysical response of single cells to freezing stress. The mass transport process
(water loss) occurs due to the chemical potential difference between intracellular and
extracellular regions.
the fact that the partially frozen extracellular solution has a lower chemical potential than the
unfrozen super cooled intracellular solution, a chemical potential difference is established
across the cell membrane (Mazur 1970). This results in a thermodynamically non-equilibrium
state that provides a driving force for the two biophysical processes during freezing, cellular
dehydration or the loss of intracellular water and the formation of intracellular ice (Mazur
1984) (see Fig 1.1). At low cooling rates cellular dehydration is the dominant mechanism while
at very rapid cooling rates intracellular ice formation (IIF) is the dominant mechanism (Mazur
1963). Both cellular dehydration and IIF have been shown to be deleterious to the post-thaw
5

survival of biological systems (Lovelock 1953; Mazur et al., 1972). The rate of cooling has a
dramatic effect on these two biophysical processes. If the cooling velocity is sufficiently slow,
there will be sufficient time for the cell water to leave the cell and join the extracellular space.
The result is the cell loses water rapidly by exmosis to concentrate the intracellular liquid
sufficiently enough to eliminate super cooling and maintain chemical potential of intracellular
water in equilibrium with that of extracellular water (Fig 1.1). The resulting changes in the
extracellular region, such as changes in pH, changes in ionic concentration cause the tertiary
structure of proteins to unfold, so that some of its original properties, especially its biological
activity, are diminished or eliminated. This denaturation of cell proteins may be lethal to cell
survival (Lovelock 1953). In addition, mechanical interaction between extracellular ice crystals
and cells can also lead to the deformation of cells and rupture of cell membranes (Ishiguro and
Rubinsky 1994; Ishiguro and Rubinsky 1994). On the other hand if the cell is cooled too rapidly
it is not able to lose water fast enough to reach equilibrium; it becomes increasingly super
cooled and eventually attains equilibrium by freezing intracellularly.
Intracellular ice formation (IIF) is generally lethal as it causes injury to cellular
membranes and intracellular structures. So, cooling rates which are either “too slow” or “too
fast” can and do reduce the post thaw survival of the cells, therefore, a cooling rate for
maximum cell cryosurvival should and does exist between the "high" and "low" rates (McGrath
1988). This has been confirmed experimentally for a variety of cells and the curve of cell
survival plotted as a function of the cooling rate, has a characteristic U-shape as shown in Fig
1.2 (Mazur et al., 1972). Permeability of the membrane shows how fast the water can leave the
cell at a given cooling rate. More the permeability of the membrane, more the water transport
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Figure 1.2: Relation (inverted "U" shape) between percentage of survival and cooling rate in
three types of cells. Stem cells refer to mouse bone marrow stem cells, and hamster cells refer
to hamster oocytes. RBC refers to human red blood cells.
across the cell membrane in a given time and vice versa. Therefore, whether a prescribed
cooling rate is too ‘‘slow ’’or too ‘‘fast,’’ is a function of cell membrane permeability to water
and the probability that any water remaining trapped within the cell at a given subzero
temperature will nucleate and turn to ice. The difference in membrane permeability to water
and probability of IIF results in different optimal cooling rates for different cells. Therefore, to
find out the optimal cooling rate for maximum cell survival and to optimize a cryopreservation
protocol, it is important to measure the cell membrane’s permeability to water. Clearly, the
quantitative understanding of the water transport across the cell membrane during a
cryopreservation is critical for the success of the respective protocol.
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Water transport during freezing has been extensively studied by using various methods.
One such method is measurement of water transport in single spherical cells by using
cryomicroscopy technique (Diller and Cravalho 1970; McGrath 1988). Cryomicroscopy involves
the application of cryogenic temperatures to cellular systems mounted under a light
microscope to study the biophysical response of cells to freezing. The quantitative
measurement of water transport during freezing of a tissue system were efficiently performed
by using directional solidification device and two-step freezing technique (Pazhayannur and
Bischof 1997). A shape independent Differential Scanning Calorimeter (DSC) technique has
recently been applied to measure the membrane permeability parameters in both cell and
tissue systems (Devireddy et al., 1998, Thirumala et al., 2006, Thirumala et al., 2007).
1.4 ADIPOSE DERIVED ADULT STEM CELLS (ASC)
Stem cells are essentially building blocks of multicellular organisms and provide a
wonderful tool for the study of cellular and developmental processes. Harnessing the potential
of stem cells to differentiate into multi-lineage pathways and produce more specialized cells of
the body would provide a tool to study the early human embryonic development and also to
develop novel strategies of organ regeneration and transplantation (Thomson and Odorico
2000). The stem cell research field has been transformed in the past few years by successes
achieved in culturing early human embryonic stem cells (Thomson et al., 1998), human
embryonic germ cells (Michael et al., 1998) and in manipulating their differentiation in vitro.
More recently, excitement has been fuelled by the evidence that adult stem cells have a much
higher degree of developmental potential and are more plastic, versatile and capable of
transferring into many different types of cells than previously imagined. Though embryonic
8

stem cell potential is enormous, the legal and ethical issues associated with embryonic stem
cells and their tendency to form multi-lineage tumors called teratomas after injection into
animal models (Wakitani et al., 2003; Brickman and Thomas 2002) forced the scientists to focus
more onto adult derived stem cells.
Of the many different types of adult stem cells, the most widely known and best studied
are the bone marrow stem cells. Besides hematopoietic stem cells that produce red blood cells,
a cell type termed mesenchymal also exists in marrow. These bone marrow derived
mesenchymal stem cells have been successfully differentiated into various cell lineages
including neuronal cells (Woodbury et al., 2000; Sanchez-Ramos et al., 2000), as well as
cartilage, bone, tendon, muscle, and fat lineages (Pittenger et al., 1999). Two groups showed
that neuronal stem cells can differentiate and produce not only neuronal cells but also other
tissues, including blood and muscle (Bjornson 1999; Clarke et al., 2000; Galli et al., 2000),
whereas others showed that mesenchymal stem cells transplanted into mice can differentiate
into astrocytes, neurons, and oligodendrocytes (Kopen et al., 1999; Vogel 2000). Also, evidence
now exists that liver stem cells can be converted, in vitro, into insulin-secreting pancreatic cells
(Horb et al., 2003; Yang et al., 2002). Until recently the major source of the adult stem cells was
the bone marrow. But extracting bone marrow is a very invasive and painful procedure. Also
use of stem cells from bone marrow is limited because bone marrow yields a very small
quantity of stem cells.
New research has demonstrated that adult stem cells similar to the mesenchymal stem
cells are plentiful in human fat, specifically fat obtained via liposuction (Halvorsen et al., 2001;
Sen et al., 2001; Zuk et al., 2002; Gimble and Guilak 2003). Termed Adipose Derived Adult Stem
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Figure 1.3: Processing and differentiation ability of adipose derived adults stem cells (ASCs). The
fat tissue (adipose tissue) obtained through liposuction is used as a source for ASCs.
Collagenase digestion and differential centrifugation of adipose tissue results in the formation
of two distinct fractions: the floating mature fat cells, and the sedimented stromal vascular
cells. The stromal vascular fraction is the source of ASCs and also contains fibroblasts,
endothelial cells, and a high proportion of blood cells.
(ASCs) cells, these progenitor cells exhibit multi-lineage potential and differentiate in vitro
toward fat (18), cartilage (Zuk et al., 2001), muscle (Mizuno et al., 2001; Awad et al., 2004;
Wickham et al., 2003), bone (Halvorsen et al., 2001; Gimble and Nuttall 2004) and nerve cells
(Safford et al., 2002; Ashjian et al., 2003; Safford et al., 2004). A Recent study by Gimble and his
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colleagues (2004) showed that the ASCs cells are capable to form osteoid in vivo once
implanted subcutaneously into mice. In another study, successful use of fat-derived stem cells
to treat a damaged region in a skull was reported (Lendeckel et al., 2004).
Using potential benefits of ASCs cells to develop future tissue engineering strategies and
cell-based therapies requires efficient cryopreservation of these cells for longer periods of time
without losing their multipotentiality. Studying the cryobiological properties of ASCs cells would
enhance our understanding of freezing response of these cells which will further help to design
and develop methods to freeze complex tissues, intact organs and possibly entire multicellular
organisms.
Bone marrow has been successfully cryopreserved since 1955 (Barnes and Loutit 1955).
Cryopreservation of peripheral blood stem cells was first reported in 1975 when Dr. Epstein and
his graduate student successfully isolated the blood stem cells, cryopreserved and then later
used for transplantation (Debelak-Fehir and Epstein 1975; Debelak-Fehir et al., 1975).
Subsequently, a simplified freezing technique called

‘statistically controlled freezing’ was

developed for cryopreservation of canine hematopoietic cells (English et al., 1979) which was
later developed and implemented by several investigators to preserve bone marrow cells (Stiff
et al., 1987) and peripheral blood derived stem cells (Jackson et al., 1992). Slow-rate cooling
methods using dimethylsulfoxide (DMSO) as a cryoprotectant were effective for a wide variety
of cell lines, including mouse embryonic stem cell lines (Robertson 1987) and Porcine Primordial
Germ Cells (Shim et al., 1997). Vitrification procedure was effectively used to preserve human
embryonic stem cells (Reubinoff 2001) and primate embryonic stem cells (Fujioka 2004). In a
recent study, to eliminate the toxic characteristics of high concentrations of DMSO for
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treatment of stem cells for clinical use, an optimal cryopreservation method was developed for
the cryopreservation of hematopoietic progenitor stem cells using low concentrations of
trehalose (Buchanan 2004). A recent study also reports that apoptosis in murine neural
precursor cells post-freeze can be limited by the addition of caspase inhibitor zVAD-fmk
(Milosevic et al., 2005).

Despite recent progress in ASCs research the possibility of

cryopreservation of adipose stem cells to clinical standards has not been explored. The
successful cryopreservation of scientifically and commercially important ASCs using relatively
simple methods would revolutionize the tissue engineering and regenerative medicine industry.
Therefore, this research essentially aims to rectify this lack of cryobiological knowledge in
adipose stem cells (ASCs).
1.5 CELL SHEET ENGINEERING
Organ transplantation has been restricted by two major obstacles; first, a critical
shortage of donors and second, the high risk of graft rejection. To overcome these major
limitations, Professor Langer, a chemical engineer, and Drs. Joseph and Charles Vacanti, two
medical doctors, proposed the concept of tissue engineering (Langer and Vacanti 2003; Vacanti
and Vacanti 2000). Traditional tissue engineering methods have generally focused on one of
two strategies: either the injection of isolated cell suspensions or the use of biodegradable
scaffolds to support tissue generation. There has been considerable progress in developing
cellularized scaffolds to regenerate various tissues including bone, cartilage, blood vessel,
nerve, liver, myocardium and many other tissues (Sittinger et al., 1996; Sikavitsas et al., 2002).
However, most of the conventional scaffolds do not allow sufficient cell migration to establish
adequate cell–extracellular matrix (ECM) and cell–cell interaction. Cell seeding plays a
12
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Figure 1.4: Concept of cell sheet engineering proposed by Okano and his colleagues. A
thermoresponsive polymer PIPAAm is covalently grafted to TCPS dish and a sheet of cells was
subsequently generated by simply reducing the culture temperature below 32 C.
crucial role in determining the progression of tissue formation to establish 3D cell culture. High
density cell seeding in static and dynamic cultures inside bioreactors are methods to improve
cell seeding in scaffolds (Sistino 2003; Martin et al., 2004). Since the cells located in the interior
of the scaffold rely on diffusion for solute transport, the current methods of seeding are
compromised by the depletion of nutrients.
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To overcome some of the drawbacks associated with traditional scaffold based tissue
engineering, cell sheet engineering has been developed as an alternative approach for tissue
engineering (Yamada et al., 1990; Okano et al., 1993; Matsuda et al., 2007; Yanga et al., 2007,
Nagase et al., 2009). Cell sheet engineering has the advantage of eliminating the use of
biodegradable

scaffolds

(see

Fig

1.4).

Using

temperature-responsive

poly

(N-

isopropylacrylamide) (PIPAAm) coated TCPS dishes, cultured cells were successfully harvested
as intact sheets by simple temperature changes, thereby avoiding the use of proteolytic
enzymes (Yamada et al., 1990; Okano et al.,., 1993; Matsuda et al., 2007; Yanga et al., 2007,
Nagase et al., 2009).
PIPAAm shows remarkable changes in aqueous swelling with changes of temperature
and shows full-hydrated and extended conformation at low temperature. Over 32 oC, however,
PIPAAm extensively dehydrates and changes to compact chain conformations. When PIPAAm is
grafted on the surface of a cell culture substrate, the modified surface will be hydrophobic in
nature at temperatures higher than 32 oC, but becomes hydrophilic as the temperature falls (Fig
1.4). Cells can attach and grow more easily on hydrophobic surfaces than on hydrophilic
surfaces. Cell attachment and adherence are prevented by the difficulty of displacing adsorbed
water molecules on highly hydrated hydrophilic surfaces allowing for their spontaneous
detachment without the need of trypsinization (Yamada et al., 1990; Okano et al., 1993;
Matsuda et al., 2007; Yanga et al., 2007, Nagase et al., 2009). By avoiding proteolytic treatment,
critical cell surface proteins such as ion channels, growth factor receptors and cell-to-cell
junction proteins remain intact, and cells can be noninvasively harvested as intact sheets along
with their deposited extracellular matrix (ECM) (Okano et al., 1993; Matsuda et al., 2007; Yanga
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et al., 2007, Nagase et al., 2009). As ECM remains present on the basal surface of the cell
sheets, they can be directly transplanted to tissue beds or even layered to create threedimensional (3-D) tissue-like structures (Fig 1.4). This approach therefore apparently provides
several advantages over traditional tissue reconstruction with biodegradable scaffolds. With
the use of single cell suspensions, there is often a significant loss of cells, with only a small
percentage of cells remaining at the site of interest. In addition, in cases of damaged tissues,
injected cells are often unable to attach at sites where the host architecture is destroyed. In
contrast, cell sheets via their deposited ECM, can be attached to host tissues and even wound
sites, with minimal cell loss. However, the grafting process used to coat PIPAAm onto TCPS
dishes was relatively complicated and time consuming involving complex irradiation
procedures.
In a more recent study, a novel method, using a thermoresponsive hydrogel coated on
TCPS dishes, was developed for harvesting living cell sheets (Chen et al., 2006). The hydrogel
system was prepared by coating aqueous methylcellulose mixed with distinct salts on TCPS
dishes at room temperature and subsequently gelled at 37 ˚C for cell culture. Methyl Cellulose
(MC) with a viscosity of 4000cP at 2% solution was used to form gels at physiologically relevant
temperatures (Chen et al., 2006). However, the procedure described was unreliable and
cumbersome as MC was too viscous to be manipulated easily. In addition, the procedure
described results in a non-uniform coating and is not practicable in a standard cell culture
facility. Further, the MC systems generated were not consistently stable as the time of culture is
increased. Therefore, this research aims to modify and characterize the MC hydrogel system
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developed by Chen and his colleagues for off-the-shelf supply of stable thermo-responsive TCPS
dishes for ASCs tissue engineering applications.
1.6 OUTLINE OF DISSERTATION
Research is divided into 5 independent chapters. Each chapter focuses on an important
aspect of this project. Information regarding the published citation of each chapter is listed
below. Two published journal papers were used to prepare chapter 2. All chapters were either
published in peer reviewed journals or are currently under review.
 CHAPTER 2: S. Thirumala, J.M. Gimble and R.V. Devireddy. Transport Phenomena During
Freezing of Adipose Tissue Derived Adult Stem Cells. Biotechnology & Bioengineering,
92: 372-383 (2005)
R. V. Devireddy, S. Thirumala and J.M. Gimble. Cellular Response of Adipose Derived
Passage-4 Adult Stem Cells to Freezing Stress. ASME Journal of Biomechanical
Engineering, 127: 1081-1086 (2005).
 CHAPTER 3: S. Thirumala, S. Zvonic, E. Floyd, J.M. Gimble and R.V. Devireddy. The Effect
of Various Freezing Parameters on the Immediate Post-Thaw Membrane Integrity of
Adipose Tissue Derived Adult Stem Cells. Biotechnology Progress, 21: 1511-1524 (2005).
 CHAPTER 4: S. Thirumala, J.M Forman, W.T. Monroe and R.V. Devireddy. Freezing and
Post-Thaw Apoptotic Behavior of Cells in The Presence of Palmitoyl Nanogold Particles.
Nanotechnology. 18: 195104 (2007).
 CHAPTER 5: S. Thirumala, J.M. Gimble and R.V. Devireddy. Evaluation of
Polyvinylpyrollidone (PVP) as a Cryoprotectant for Adipose Derived Adult Stem Cells
(ASCs). Tissue Engineering.
 CHAPTER 6: S. Thirumala, J.M. Gimble and R.V. Devireddy. Characterization of a
Thermally Reversible Methylcellulose Hydrogel System for Adult Stem Cell Sheets.
Biomaterials.
Apart from these five chapters, Chapter 1 gives introduction to the research and review
of the literature.
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CHAPTER 2
TRANSPORT PHENOMENA DURING FREEZING OF ADIPOSE TISSUE
DERIVED ADULT STEM CELLS (ASCs)1
2.1 INTRODUCTION
Rational design and optimization of a cryopreservation process requires a quantitative
understanding of the two biophysical responses in the target cell or tissue during freezing,
namely water transport and intracellular ice formation (IIF). Water transport during freezing in
cell suspensions has been extensively studied using cryomicroscopy (Devireddy et al., 1998;
Diller 2005) and calorimetric (Devireddy et al., 1998) techniques. Differences in membrane
permeability to water and the probability of IIF result in different “optimal” cooling rates for
different cells (Mazur et al., 1972). Therefore, to optimize a cryopreservation protocol it is
important to measure the cell membrane’s permeability to water. This project set out to
establish the water transport (and consequently the membrane permeability parameters) of
stromal vascular fraction (SVF) cells, passage (P0), passage 2 (P2) and passage 4 (P4) ASCs
during freezing using a calorimetric technique at a cooling rate of 20 ˚C/min in three different
media: culture medium without cryoprotectants; culture medium with 10% glycerol; and
culture medium with 10% DMSO. The adipose derived cells were modeled as spheres of 50µm
diameter with an osmotically inactive volume (Vb) of 0.6Vo, where Vo is the isotonic cell volume.
By fitting a model of water transport to the experimentally obtained volumetric shrinkage data,
the “best-fit” membrane permeability parameters (reference membrane permeability to water,
1 This chapter was published in the following citations. 1] S. Thirumala, J.M. Gimble and R.V. Devireddy. This chapter was
published in the following citations: Transport Phenomena During Freezing of Adipose Tissue Derived Adult Stem Cells.
Biotechnology & Bioengineering, 92: 372-383 (2005). 2] R.V. Devireddy, S. Thirumala and J.M. Gimble. Cellular Response of
Adipose Derived Passage-4 Adult Stem Cells to Freezing Stress. ASME Journal of Biomechanical Engineering, 127: 1081-1086
(2005).
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Lpg or Lpg[cpa] and the activation energy, ELp or ELp[cpa]) were determined. The experimentally
determined ASC membrane permeability parameters are used to numerically predict the loss of
intracellular water under a variety of cooling rates (5–100 ˚C/min). The numerical predictions
are analyzed to predict the amount of water left in the ASCs upon the cessation of water
transport, in the absence of IIF and to determine the ‘‘optimal cooling rates’’ for freezing
adipose derived cells.
2.2 MATERIALS AND METHODS
2.2.1: Isolation, Collection and Culture of ASCs
All the human protocols were reviewed and approved by the Pennington Biomedical
Research Center Institutional Review Board. Subcutaneous adipose tissue liposuction aspirates
were provided by plastic surgeons in Baton Rouge, LA. All procedures were conducted under
aseptic conditions according to a modification of methods outlined in Halvorsen et al., (2001)
and Sen et al., (2001). Tissue samples (100 to 200 ml) were washed 3-4 times in phosphate
buffered saline (PBS) prewarmed to 37 ˚C, suspended in PBS supplemented with 1% bovine
serum albumin and 0.1% collagenase (Type I, Worthington Biochemicals, Lakewood, NJ), and
digested with gentle rocking for 45-60 min at 37 ˚C. The digests were centrifuged for 5 min at
1200 rpm (300Xg) at room temperature, resuspended, and the centrifugation step repeated.
The supernatant was aspirated and the pellet re-suspended in culture medium (DMEM high
glucose, 10% fetal bovine serum, 100 units penicillin/ml, 100 mcg streptomycin/ml, and 25mcg
amphotericin/ml). The resulting pellet was defined as the stromal vascular fraction (SVF).
The cell suspension was plated at a density equivalent to 0.156 ml of liposuction tissue
per sq cm of surface area, using a 35 ml volume of culture medium per T225 flask. Cells were
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cultured for 48 hrs in a 5% CO2, humidified, 37 ˚C incubator. At that time, the adherent cells
were rinsed once with pre-warmed PBS and the cells fed with fresh culture medium. The cells
were fed with fresh culture medium every 2-3 days until they reached approximately 75-80%
confluence. At this time, the medium was aspirated, the cells were rinsed with prewarmed
PBS, and harvested by digestion with 0.05% trypsin solution (5-8 ml per T225 flask) for 3 to 5
min at 37 ˚C. The cells were suspended in culture medium, centrifuged for 5 min at 1200 rpm
(300 X g), the pellet resuspended in a volume of 10 ml of culture medium, and the cell count
determined by trypan blue exclusion. These cells were identified as Passage 0 (P0). An aliquot
of cells was reserved for cryopreservation studies. The remaining cells were seeded in T225
flasks at a density of 5 X 103 cells per sq cm. The cells were maintained in culture and passaged
as described through successive Passages 0 to 4 (P0, P1, P2, P3 and P4). In this study stromal
vascular fraction (SVF), P0, P2 and P4 ASCs were used to evaluate the membrane permeability
parameters and consequently optimal cooling rates for freezing ASCs.
2.2.2: Differential Scanning Calorimeter (DSC) Experiments
DSC experiments were carried out both in the absence and presence of CPAs on adipose
derived cells. For both SVF and ASCs (P0, P2 and P4), six separate DSC experiments were
conducted in the absence of any CPAs and in the presence of two permeating CPAs, glycerol
(10%, v/v), and dimethylsulfoxide (DMSO; 10%, v/v)2. The ASCs were equilibrated in the
freezing media for ~10 minutes before the freezing experiments were performed. A simple

2

Although, both the choice of the chemicals and their concentration is rather arbitrary, it is important to note that both
chemicals are routinely used in cryobiology in the selected concentration and in the interest of commonality and universality
we chose to use a similar combination of these chemicals in the present study, as well.
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analysis of the coupled CPA and water transport out of the ASCs using the model of Kedem and
Katchalsky (1958) showed that the equilibration time or time required for the CPA to permeate
into the ASC is ~2 to 5 minutes. Thus, it is presumed that the CPA has permeated into the ASCs
before the freezing process. In addition, a two step addition of CPAs was performed, to ensure
the volumetric excursions (shrink-swell) response (and the associated osmotic injury) of the
cells were minimized (Devireddy et al. 1999; Devireddy et al., 2000). Approximately 10 L of the
ASC suspension was loaded in the DSC standard aluminum sample pan (Perkin Elmer
Corporation, Norwalk, CT, USA) with ~0.5mg of Pseudomonas syringe (ATCC, Rockville, MD,
USA), a naturally occurring ice nucleating agent.
The DSC dynamic cooling protocol used to measure the water transport out of the ASC
suspensions was the same as that reported in earlier studies on other cell systems (Devireddy
et al., 1998; Devireddy et al., 2000; Diller, 2005; Thirumala et al., 2003; Yuan and Diller, 2001;
Thirumala et al., 2005) and will only be briefly stated here. In the DSC technique, heat releases
from the same cell suspension are measured: (i) during freezing of osmotically active (live) cells
in media and; (ii) during freezing of osmotically inactive (dead) cells in media. The difference in
heat release measured between the two cooling runs was correlated to water transport and
was denoted as qdsc (See Fig 2.1). This has been demonstrated in a variety of cellular systems
(Devireddy and Bischof, 2003; Thirumala et al., 2003) and independently verified by Yuan and
Diller (2001) and Diller (2005). Should the cells be osmotically inactive or lysed prior to the start
of the experiment, the DSC cooling protocol will measure no difference in heat release, as
describe in earlier studies (Devireddy et al., 1998; Devireddy et al., 2002; Thirumala et al., 2003,
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Figure 2.1: Superimposed heat flow thermograms during freezing of osmotically active (Curve
A) and inactive cells (Curve B). The heat flow thermogram is integrated to calculate the total
heat released during freezing of osmotically active cells and inactive cells. Heat ﬂow (mW/mg)
is plotted along the y-axis and subzero temperatures (°C) are plotted along x-axis
He et al., 2004; Thirumala et al., 2005; Thirumala and Devireddy 2005; Devireddy et al., 2005; Li
et al., 2006; Thirumala et al., 2006; Thirumala et al., 2007; Alapati et al., 2008).
2.2.3: Translation of DSC Heat Release Data to Water Transport Data
The heat release measurements of interest were qdsc and q(T )dsc which are the total
and fractional difference between the heat releases measured by integration of the heat flows
during freezing of osmotically active (live) cells in media, qinitial and during freezing of
osmotically inactive (dead) cells in media, q final (i.e. qdsc = qinitial

q( T )initial  q( T ) final ).
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-

q final ; q(T )dsc =

As defined in a series of earlier studies by Devireddy and colleagues, this difference in
heat release has been shown to be related to cell volume changes in several biological systems
(Devireddy et al., 1998; Devireddy et al., 2002; Thirumala et al., 2003, He et al., 2004; Thirumala
et al., 2005; Thirumala and Devireddy 2005; Devireddy et al., 2005; Li et al., 2006; Thirumala et
al., 2006; Thirumala et al., 2007; Alapati et al., 2008) as:
V(T )  Vi 

 q(T )dsc
 Vi  Ve 
qdsc

(1)

The unknowns needed in Eqn. (1) apart from the DSC heat release readings are Vi (the
initial cell volume) and Ve (the end or the final cell volume). The initial volumes (Vi) of the
adipose derived (SVF, P0, P2 and P4) cells in the medium with no CPAs was assumed to be the
initial isotonic cell volume, Vo. Similarly, the end volume in the medium with no CPAs was
assumed to be the osmotically inactive cell volume, Vb (=0.6Vi). To ensure the accuracy and
repeatability of the experimental data, a set of calibration and control experiments were
performed as detailed previously for a DSC-7 (Perkin Elmer Corporation, Norwalk, CT) machine
(Devireddy et al., 1998).
2.2.4: Water Transport Model and Numerical Methods
Once the volumetric shrinkage data has been determined from the calorimetric
experiments, a well established model of water transport was used to determine the
membrane permeability parameters. This model of water and CPA transport in response to
chemical potential gradients was developed by Kedem and Katchalsky (1958) and is based on
irreversible thermodynamics. If the flux of CPA is negligible in comparison to the water flux,
then the Kedem-Katchalsky model reduces to a model of water transport alone as proposed by
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Mazur (1963) and later modified by Levin et al. (1976). The water transport model of Mazur
represents the volumetric shrinkage response of cells during freezing in the presence of CPAs
as,
Lp Ac RT
dV

dT
Bv w


(Vo  Vb  ncpa vcpa )/ vw
H f vw   1 1 
  
ln

 (V  V  n v )/ v  ( n  n )
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with Lp, the ASC membrane permeability to water defined by Levin et al. (1976) as,

 E Lp [cpa] 1 1 
  
Lp  Lpg [cpa]exp
T TR 
R


(3)

where, Lpg[cpa] is the reference membrane permeability at a reference temperature, TR (=
273.15 K); ELp[cpa] is the apparent activation energy (kJ/mol) or the temperature dependence
of the cell membrane permeability; V is the ASC volume at temperature, T(K); Ac is the effective
membrane surface area for water transport, assumed to be constant during the freezing
process; Vo and Vb are the isotonic (initial) and osmotically inactive ASC volumes, respectively;
As stated earlier all the adipose derived cells were modeled as a spheres of radius (ro) of 25µm;
R is the universal gas constant; B is the constant cooling rate (K/min); ncpa is the number of
moles of salt; vcpa is the molar volume of CPA; vw is the molar volume of water; s is the
disassociation constant for salt; ns is the number of osmoles of salt (=Ci•(Vo - Vb), where Ci is
the initial cell osmolality); ∆Hf is the latent heat of fusion of water;  is the density of water.
Note that when ncpa is zero (i.e. no CPA is present), Eqns. (2) and (3) reduce to a model of water
transport only and Lp is an Arrhenius function of Lpg and ELp. The two unknown membrane
permeability parameters of the model either Lpg[cpa] and ELp[cpa] in the presence of CPA or Lpg
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and ELp in the absence of CPA, are determined by curve-fitting the water transport model to
experimentally obtained volumetric shrinkage data during freezing. The various assumptions
made in the development of Mazur's model of water transport are discussed in detail
elsewhere (Levin et al., 1976; Mazur et al., 1963; McGrath et al., 1988; Smith et al., 1998;
Toner, 1993) and are beyond the scope of this paper.
2.2.5: Numerical Methods
A nonlinear least squares curve fitting technique was implemented using a computer
program to calculate the membrane permeability parameters that best fit the volumetric
shrinkage data as previously described by Bevington and Robinson (1992). The optimal fit of
Eqn. (2) to the experimental data was obtained by selecting a set of parameters which
minimized the residual variance,  2 , and maximized a goodness of fit parameter, R2
(Montgomery and Runger, 1994).

All the curve fitting results presented have an R2 value

greater than or equal to 0.99 indicating that there was a good agreement between the
experimental data points and the fit calculated using the estimated membrane permeability
parameters. To simulate the biophysical response of a ASC under a variety of cooling rates, the
best fit parameters were substituted in the water transport equation which was then
numerically solved using a 4th order Runge-Kutta method using a custom written FORTRAN
code on a Mac Powerbook G4 (Apple Computer Inc, Cupertino, CA) workstation.
2.3 RESULTS AND DISCUSSION
2.3.1: Dynamic Cooling Response and Membrane Permeability Parameters
Fig. 2.2 shows the water transport data and simulation for SVF cells using the best fit
parameters in Eqn. (2) at a cooling rate of 20 ˚C/min in culture medium with no CPAs (Fig. 2.2A),
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in culture medium with 10% glycerol (Fig. 2.2B) and in culture medium with 10% DMSO (Fig.
2.2C). The dynamic portion of the cooling curve (region where the initial and final heat release
thermograms are distinct and separate) is found to be between -0.6 ˚C to -14˚C in medium with
no CPAs, between -3.1 and -30 ˚C in medium with 10% glycerol and between -3.2 and -30 ˚C in
medium with 10% DMSO for SVF cells. The SVF cell membrane permeability parameter values
that best fit the 20 ˚C/min water transport data in the absence and presence of CPAs are shown
in Table 2.1 and Table 2.2. The model simulated equilibrium cooling response (equilibrium is
achieved at each temperature when the internal and external osmotic pressures are equal) is
also shown as reference as dotted line (------). The equilibrium cooling response represents the
volumetric shrinkage response of an ASC cooled infinitely slowly and is significantly different
(greater than 99% confidence level using the student’s t-test) from the dynamic water transport
data obtained at 20 ˚C/min.
Fig. 2.3 shows the water transport data and simulation for P0 ASCs using the best fit
parameters in Eqn. (2) at a cooling rate of 20 ˚C/min with no CPAs (Fig. 2.3A), with 10% glycerol
(Fig. 2.3B) and with 10% DMSO (Fig. 2.3C). Similar data is shown for P2 ASCs in Fig. 2.4 for cells
cooled with no CPA (Fig. 2.4A), with glycerol (Fig 2.4B) and with 10%DMSO (Fig 2.4C). For both
P0 and P2 ASCs, the dynamic portion of the cooling curve is found to be between -0.6 ˚C to 10˚C in medium with no CPAs, between -3.1 and -30 ˚C in medium with 10% glycerol and
between -3.2 and -30 ˚C in medium with 10% DMSO. The best fit permeability parameters are
shown in Table 2.1 and Table 2.2 while the model simulated equilibrium cooling response is
shown as a dotted line (------) in all the figures.
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Figure 2.2: Volumetric response of SVF cells as a function of subzero temperatures obtained using the DSC technique in the
presence of extracellular ice (Fig. 2.2A), in the presence of extracellular ice and glycerol (Fig. 2.2B), and in the presence of
extracellular ice and DMSO (Fig. 2.2C). The filled circles represent the experimentally obtained water transport (volumetric
shrinkage) at a cooling rate of 20 ˚C/min. The model-simulated dynamic cooling response at 20 ˚C/min is shown as a solid line and
was obtained by using the best-fit membrane permeability parameters (Lpg and ELp or Lpg[cpa] and ELp[cpa]) (Table 2.1) in the water
transport equation (equations 2 and 3). The model-simulated equilibrium cooling response obtained is shown as a dotted line in all
the figures. The error bars represent the standard deviation for the mean values of six separate DSC experiments (n=6)
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Table 2.1: Predicted sub zero membrane permeability parameters and the model predicted
optimal rates of freezing for SVF and P0 ASCs for an assumed inactive cell volume of
Vb=0.6Vo.
Cell
Type

SVF

P0

Freezing
Media

Lpg or Lpg[cpa]
x 1015 m3/Ns
(µm/min-atm)

ELp or ELp[cpa]
kJ/mol
(kcal/mole)

R2

Value

Bopt

(Simulation)
o
C/min

No
CPA

23.1
(0.135)

43.4
(9.66)

0.992

59.2

10% Glycerol

56.4
(0.330)

63.3
(15.25)

0.994

25.8

10.0% DMSO

59.0
(0.345)

57.4
(13.40)

0.994

33.5

No
CPA

41.0
(0.24)

43.1
(10.30)

0.997

96.7

10% Glycerol

53.7
(0.314)

64.0
(15.3)

0.994

25.3

10.0% DMSO

55.1
(0.322)

58.9
(14.1)

0.994

30.2

Table 2.2: Predicted sub zero membrane permeability parameters and the model predicted
optimal rates of freezing for P2 and P4 ASCs for an assumed inactive cell volume of Vb=0.6Vo.
Cell
Type

P2

P4

Freezing
Media

Lpg or Lpg[cpa]
x 1015 m3/Ns
(µm/min-atm)

ELp or ELp[cpa]
kJ/mol
(kcal/mole)

Bopt

R2 Value

(Simulation)
o
C/min

No
CPA

111.5
(0.652)

168.8
(40.37)

0.995

22.1

10% Glycerol

50.5
(0.295)

64.6
(15.45)

0.993

23.3

10.0% DMSO

51.3
(0.300)

61.1
(14.61)

0.994

24.2

No CPA

1.20
(0.7)

177.8
(42.5)

0.993

21.0

10% Glycerol

0.39
(0.23)

51.0
(12.2)

0.995

29.0

10% DMSO

0.50
(0.29)

61.5
(14.7)

0.996

22.0
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Fig. 2.5 shows the water transport data and simulation for P4 ASCs using the best fit
parameters in Eqn. (1) at a cooling rate of 20 ˚C/min in culture medium with no CPAs (Fig. 2.5A),
in culture medium with 10% glycerol (Fig. 2.5B) and in culture medium with 10% DMSO (Fig.
2.5C). The dynamic portion of the cooling curve (region where the initial and final heat release
thermograms are distinct and separate) is found to be between -0.6 ˚C to -14˚C in medium with
no CPAs, between -3.1 and -24 ˚C with either 10% glycerol or 10% DMSO. The P4 ASC
membrane permeability parameter values that best fit the water transport data in the absence
and presence of CPAs are shown in Table 2.2. The model simulated equilibrium cooling
response (equilibrium is achieved at each temperature when the internal and external osmotic
pressures are equal) is also shown as reference as dotted line (------). The equilibrium cooling
response represents the volumetric shrinkage response of an ASC cooled infinitely slowly and is
significantly different (>99% confidence level using the student’s t-test) from the dynamic water
transport data obtained at 20 ˚C/min.
2.3.2: Membrane Permeability Parametric Space
To assess the variability of the parametric space that best fit the measured water
transport data the goodness of fit parameter, R2 was generated for a wide range of Lpg and ELp
(or Lpg[cpa] and ELp[cpa]) values. To summarize the results of this analysis a series of contour
plots are shown in Figs. 2.6. Any combination of Lpg and ELp (or Lpg[cpa] and ELp[cpa]) shown to
be within the contour in the Figs. 2.5 will “fit” the water transport data in that media with an R2
value greater than 0.99. Figs. 2.6A, 2.6B, 2.6C and 2.6D represent contour plots of the goodness
of fit parameter, R2 (= 0.99) in the Lpg and ELp (or Lpg[cpa] and ELp[cpa]) space that corresponds
to the water transport data (or volume change data) of SVF, P0, P2 and P4 cells, respectively.
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Figure 2.3: Volumetric response of P0 ASCs as a function of subzero temperatures in the presence of extracellular ice (Fig. 2.3A),
in the presence of extracellular ice and glycerol (Fig. 2.3B), and in the presence of extracellular ice and DMSO (Fig. 2.3C). The filled
circles represent the experimentally obtained water transport at a cooling rate of 20 ˚C/min. The model-simulated dynamic
cooling response at 20 ˚C/min is shown as a solid line and the model-simulated equilibrium cooling response obtained is shown as
a dotted line in all the figures. The error bars represent the standard deviation for the mean values of six separate DSC
experiments (n=6)
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Figure 2.4: Volumetric response of P2 ASCs as a function of subzero temperatures in the presence of extracellular ice (Fig. 2.4A),
in the presence of extracellular ice and glycerol (Fig. 2.4B), and in the presence of extracellular ice and DMSO (Fig. 2.4C). The filled
circles represent the experimentally obtained water transport at a cooling rate of 20 ˚C/min. The model-simulated dynamic
cooling response at 20 ˚C/min is shown as a solid line and the model-simulated equilibrium cooling response obtained is shown as
a dotted line in all the figures. The error bars represent the standard deviation for the mean values of six separate DSC
experiments (n=6)
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Figure 2.5: Volumetric response of P4 ASCs as a function of subzero temperatures in the presence of extracellular ice (Fig. 2.5A),
in the presence of extracellular ice and glycerol (Fig. 2.5B), and in the presence of extracellular ice and DMSO (Fig. 2.5C). The filled
circles represent the experimentally obtained water transport at a cooling rate of 20 ˚C/min. The model-simulated dynamic
cooling response at 20 ˚C/min is shown as a solid line and the model-simulated equilibrium cooling response obtained is shown as
a dotted line in all the figures. The error bars represent the standard deviation for the mean values of six separate DSC
experiments (n=6)
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The three contours within each figure (Figs. 2.6A, 2.6B, 2.6C and 2.6D) represent
the three different media investigated, namely culture medium with no CPAs, culture
media with 10% glycerol and culture medium with 10% DMSO. Note that, for all the
adipose derived cells studied the contour for the media containing 10% glycerol is
almost completely within the contour corresponding to 10% DMSO. This suggests that
the membrane permeability parameters obtained in the presence of 10% DMSO could
predict the volumetric response of the adipose derived (SVF, P0, P2 and P4) cells in the
presence of 10% glycerol quite accurately, while the converse is not true.
For using Vb of 0.6Vo, the values of ELp or ELp[cpa] are not significantly different
and are within ± 10% of each other. The only exception being the value of ELp[cpa] with
10% DMSO at an assumed Vb value of 0.8Vo (Table 2.5 and Table 2.6). Despite the
differences in the predicted permeability (Lpg and Lpg[cpa]) values of SVF cells for
different Vb values, a very similar value (±20%) is obtained for the predicted optimal
cooling rate (Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6). This suggests that the variation in the
value of Vb does not significantly alter our model predicted optimal rates of freezing SVF
cells (Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6). A similar result (significant difference in Lpg
values and negligible difference in ELp values for Vb = 0.4, 0.6 and 0.8Vo) was also
observed with P0 and P2 ASCs. The sole P4 cells, note that the contour for the media
containing 10% glycerol and 10% DMSO are almost identical. This suggests that the
membrane permeability parameters obtained in the presence of 10% DMSO could
predict the volumetric response of the adipose derived(P4) cells in the presence
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Figure 2.6: Contour plots of the goodness of fit parameter R2 (=0.99) for water transport response in SVF (Fig. 2.6A), P0
(Fig. 2.6B), P2 (Fig. 2.6C) and P4 (Fig. 2.6D) ASCs in medium with no CPAs, in medium with 10% glycerol and in medium with
10% DMSO. The enclosed region corresponds to the range of parameters that best fit the water transport data at a cooling
rate of 20 ˚C/min with R2 = 0.99. Note that the best-fit parameters (Table 2.1 and Table 2.2) are represented within the
contours by a “#” (absence of CPA), “&” (10% glycerol) and “*” (with 10% DMSO)
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of 10% glycerol quite accurately and vice-versa.

The reasons for the similarity in the

water transport response (and consequently the membrane permeability parameters) in
the presence of DMSO and glycerol for P4 ASCs are beyond the scope of this study and
cannot be fully answered unless a mechanistic model describing the interactions and
modifications caused by different chemicals on different cell membranes can be
developed (such models are currently unavailable). Also note that the parameters
obtained in the absence of CPAs are significantly different than those obtained in their
presence (the contour plot corresponding to 0% of CPAs has no overlap with the
contours obtained with 10% glycerol or 10% DMSO).
2.3.3: Water Transport Simulations
Water transport simulations obtained using the best fit parameters (shown in
Table 2.1 and Table 2.2) in Eqn. (2) are shown for a variety of cooling rates (5 - 100
˚C/min) in Fig 2.7 and Fig 2.8). From these water transport simulations, the amount of
trapped water (or a lower bound on the intracellular ice volume or IIV) was computed as
a ratio of the volume of the water trapped inside the ASCs at a temperature, T (~-30 ˚C)
relative to the initial ASC water volume, a strategy previously applied in several cell
system (Devireddy et al, 2000; Devireddy et al., 2002 Thirumala et al., 2003). Hence IIV
is represented as (V- Ve)/(Vi - Ve) where V is the end volume after water transport
ceases (at ~ -30 ˚C), and Vi and Ve are the initial (isotonic) and final (osmotically inactive)
ASC volumes, respectively. For SVF cells in the absence of CPAs, for cooling rates less
than or equal to 40˚C/min, 60˚C/min and 100˚C/min, the IIV was less than or equal to
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Figure 2.7: Volumetric response of adipose derived (SVF and P0) cells at various cooling rates as a function of subzero
temperatures using the best-fit membrane permeability parameters (shown in Table 2.1). The water transport curves (solid
lines) represent the model-simulated response for different cooling rates (from left to right: 5, 10, 20, 40, 60, 80 and 100
˚C/min). The subzero temperatures are shown along the x-axis while the nondimensional volume is plotted along the y-axis.
The changes in the normalized cell volume (V/Vo) are shown as a function of temperature for different cooling rates in SVF
cell suspensions without CPA (Fig. 2.7A), with 10% Glycerol (Fig. 2.7B) and with 10% DMSO (Fig. 2.7C). For P0 ASCs, the
changes in the V/Vo are shown as a function of temperature for different cooling rates in cell suspensions without CPA (Fig.
2.7D), with 10% Glycerol (Fig. 2.7E) and with 10% DMSO (Fig. 2.7F).
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Figure 2.8: Volumetric response of adipose derived (P2 and P4) cells at various cooling rates as a function of subzero
temperatures using the best-fit membrane permeability parameters (shown in Table 2). The water transport curves (solid
lines) represent the model-simulated response for different cooling rates (from left to right: 5, 10, 20, 40, 60, 80 and 100
˚C/min). The subzero temperatures are shown along the x-axis while the nondimensional volume is plotted along the y-axis.
The changes in the normalized cell volume (V/Vo) are shown as a function of temperature for different cooling rates in P2
cell suspensions without CPA (Fig. 2.8G), with 10% Glycerol (Fig. 2.8H) and with 10% DMSO (Fig. 2.8I). For P4 ASCs, the
changes in the V/Vo are shown as a function of temperature for different cooling rates in cell suspensions without CPA (Fig.
2.8J), with 10% Glycerol (Fig. 2.8K) and with 10% DMSO (Fig. 2.8L).
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1.8%, 10.3%, and 44.8% of the initial osmotically active water volume, respectively, and the
corresponding end volumes were less than or equal to 0.61Vi, and 0.64Vi, and 0.781Vi,
respectively (Fig. 2.7A).
Similarly for SVF cells in the presence of 10% glycerol, for cooling rates less than or
equal to 20 ˚C/min, 40 ˚C/min, 60 ˚C/min, 80 ˚C/min and 100 ˚C/min, the IIV was less than or
equal to 4.8%, 7.6%, 20.2%, 34.6%, and 45.6% of the initial osmotically active water volume,
respectively, and the corresponding end volumes were less than or equal to 0.69Vi, 0.70Vi,
0.74Vi, 0.79Vi, and 0.82Vi, respectively (Fig. 2.7B). And finally for SVF cells in the presence of
10% DMSO, for cooling rates of less than or equal to 20 ˚C/min, 40 ˚C/min, 60 ˚C/min, 80 ˚C/min
and 100 ˚C/min,, the IIV was less than or equal to 4.5%, 5.4%, 9.8%, 20.7% and 32.0% of the
initial osmotically active water volume, respectively, and the corresponding end volumes were
less than or equal to 0.69Vi, 0.69Vi, 0.71Vi, 0.74Vi, and 0.78Vi, respectively (Fig. 2. 7C). Similar
calculations were performed for P0, P2 and P4 ASCs from the simulations shown in Figs. 2.7D,
2.7E, 2.7F and 2.8G, 2.8H, 2.8I, 2.8J, 2.8K and 2.8L (data not shown, in the interest of brevity).
As described earlier (see Introduction), the cooling rate which optimizes the
freeze/thaw response of any cellular system can be defined as the fastest cooling rate in a given
media without forming damaging intracellular ice formation, IIF. Mazur (1990) defines IIF as
damaging and lethal if it is greater than 10-15% of the initial intracellular water is involved. We
defined, for all the adipose derived cells studied, the “optimal cooling rate” as the cooling rate
at which 5% of the initial osmotically active water volume (or 5% IIV) is trapped inside the cells
at temperature, T ~ -30°C. This assumption of 5% IIV being optimal was recently validated by
comparing the model predicted optimal cooling rates with experimentally (empirically)
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determined optimal rates of freezing for a variety of cells by Thirumala and Devireddy (2005).
Thus, we are reasonably confident that a choice of 5% IIV is optimal for ASCs in suspension as
well.
For SVF cells, the simulations (shown in Figs. 2. 7A to 2. 7C) suggest the following cooling
rates as optimal in the three media investigated: 59.2 °C/min with no CPAs, 25.8 °C/min with
10% glycerol as the CPA and 33.5 °C/min with 10% DMSO as the CPA (as shown in Table 2.1 and
Table 2.2). Similarly for P0 ASCs the simulations show an optimal cooling rate of 96.7 °C/min (no
CPAs), 25.3 °C/min (10% glycerol) and 30.2 °C/min (10% DMSO). For P2 ASCs the simulations
suggest an optimal cooling rate of 22.1°C/min (no CPAs), 23.3 °C/min (10% glycerol) and 24.2
°C/min (10% DMSO).
Finally for P4 cells, the simulations (shown in Figs. 2. 8J to 2. 8L) suggest the following
cooling rates as optimal in the three media investigated: 21 ˚C/min with no CPAs, 29 ˚C/min
with 10% glycerol as the CPA and 22 ˚C/min with 10% DMSO as the CPA (as shown in Table 2.1
and Table 2.2). Note, that if intracellular ice formation (IIF) occurs by a heterogeneous or a
surface catalyzed nucleation mechanism (Toner, 1993), generally between -5 and -20 °C for a
variety of single cells, which our model does not predict, then potentially even more water will
be trapped in the ASCs than predicted by water transport alone (i.e. the lower bound of
intracellular ice discussed above). Thus, the “optimal cooling rates” (stated above) based on the
lower bound of intracellular ice are probably over estimated. Future empirical studies that
determine the viability of ASCs as a function of the imposed cooling rates are clearly needed
(and are currently in progress) to independently confirm the predicted optimal rates of ASC
freezing obtained in the present study.
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2.3.4: Parameter Sensitivity Analysis - Effect of Varying Vb
There are no prior experimental studies that report the osmotically inactive cell volume
fraction (Vb) of adipose derived adult stem (ADAS) cells. Thus, we assigned a value of 0.6Vo as
the inactive cell volume, a value that is commonly used for most mammalian cells (Devireddy et
al., 1998; He et al., 2004; Mazur et al., 1972; McGrath, 1988; Smith et al., 1998; Thirumala et al.,
2003; Toner, 1993). To further study the effect of varying the Vb on measured membrane
permeability parameters (Lpg and ELp) and consequently on the predicted optimal cooling rates,
the value of Vb was increased to 0.8Vo and decreased to 0.4Vo. The DSC data was
correspondingly modified (using Eqn. 1) and the modified DSC water transport data was curve
fitted to the water transport model (Eqns. 2 and 3) using the nonlinear least squares curve
fitting technique as previously described. The predicted values of the membrane permeability
Table 2.3: Predicted sub zero membrane permeability parameters and optimal rates of
freezing for adipose derived SVF and P0 ASCs for an assumed inactive cell volume of
Vb=0.4Vo.
Cell
Type

SVF

P0

Freezing
Media

Lpg or Lpg[cpa]
x 1015 m3/Ns
(µm/min-atm)

ELp or ELp[cpa]
kJ/mol
(kcal/mole)

Bopt

R2 Value

(Simulation)
o
C/min

No CPA

34.3
(0.201)

39.9
(9.54)

0.992

59.0

10% Glycerol

85.3
(0.499)

60.7
(14.51)

0.994

29.7

10.0% DMSO

93.9
(0.549)

57.0
(13.64)

0.994

33.9

No CPA

65.5
(0.383)

48.6
(11.62)

0.997

88.0

10% Glycerol

80.5
(0.471)

60.5
(14.47)

0.994

28.0

10.0% DMSO

77.1
(0.451)

55.2
(13.21)

0.994

30.1
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parameters (Lpg and ELp) for adipose derived cells using a value of 0.4Vo and 0.8Vo as the
osmotically inactive cell volume are shown in Tables 2.3, 2.4 and Table 2.5, 2.6 respectively.
For SVF cells, although the predicted Lpg and Lpg[cpa] values using Vb = 0.4Vo and 0.8Vo
are significantly different from each other and from the values obtained earlier using Vb of
0.6Vo, the values of ELp or ELp[cpa] are not significantly different and are within ± 10% of each
other. The only exception being the value of ELp[cpa] with 10% DMSO at an assumed Vb value
of 0.8Vo (Table 2.5 and Table 2.6). Despite the differences in the predicted permeability (Lpg and
Lpg[cpa]) values of SVF cells for different Vb values, a very similar value (±20%) is obtained for
the predicted optimal cooling rate (Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6). This suggests that the
variation in the value of Vb does not significantly alter our model predicted optimal rates of
freezing SVF cells (Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6).
Table 2.4: Predicted sub zero membrane permeability parameters and optimal rates of
freezing for adipose derived P2 and P4 ASCs for an assumed inactive cell volume of Vb=0.4Vo.
Cell
Type

P2

P4

Freezing
Media

Lpg or Lpg[cpa]
x 1015 m3/Ns
(µm/min-atm)

ELp or ELp[cpa]
kJ/mol
(kcal/mole)

R2

Value

Bopt

(Simulation)
o
C/min

No CPA

177.7
(1.039)

177.7
(42.50)

0.997

27.7

10% Glycerol

75.1
(0.439)

64.0
(15.31)

0.994

22.0

10.0% DMSO

71.0
(0.415)

58.7
(14.05)

0.994

23.4

No CPA

1.86
(1.09)

180.4
(43.2)

0.994

21.0

10% Glycerol

0.74
(0.43)

61.0
(14.6)

0.955

25.0

10.0% DMSO

0.68
(0.40)

57.7
(13.8)

0.994

24.0
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Table 2.5: Predicted sub zero membrane permeability parameters and optimal rates of
freezing for adipose derived SVF and P0 ASCs for an assumed inactive cell volume of
Vb=0.8Vo.
Cell
Type

SVF

P0

Freezing
Media

Lpg or Lpg[cpa]
x 1015 m3/Ns
(µm/min-atm)

ELp or ELp[cpa]
kJ/mol
(kcal/mole)

Bopt

R2 Value

(Simulation)
o
C/min

No CPA

10.3
(0.06)

38.9
(9.3)

0.992

54.3

10% Glycerol

25.7
(0.15)

62.7
(15.0)

0.994

24.0

10.0% DMSO

20.5
(0.12)

41.8
(10.0)

0.994

39.2

No CPA

30.1
(0.176)

92.0
(22.0)

0.996

43.4

10% Glycerol

27.4
(0.16)

61.9
(14.8)

0.994

24.9

10.0% DMSO

20.5
(0.12)

45.6
(10.9)

0.994

34.2

A similar result (significant difference in Lpg values and negligible difference in ELp values
for Vb = 0.4, 0.6 and 0.8Vo) was also observed with P0 and P2 ASCs. The sole exception being
the permeability values obtained for P0 cells with no CPAs using an assumed Vb value of 0.8Vo
(Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6). For P0 ASCs frozen in the absence of CPAs, varying the
assumed value of Vb from 0.6Vo to 0.8Vo had a significant effect (~50% lower) on the predicted
optimal cooling rate while lowering the value of Vb from 0.6Vo to 0.4Vo had essentially no effect
(~10% lower).

Intriguingly, no such effect is seen in P2 ASCs frozen in the absence of CPAs

(Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6). And finally, for P0 and P2 ASCs frozen in the presence of
CPAs, lowering or increasing the assumed value of Vb from 0.4Vo to 0.8Vo had some effect
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Table 2.6: Predicted sub zero membrane permeability parameters and optimal rates of
freezing for adipose derived P2 and P4 ASCs for an assumed inactive cell volume of Vb=0.4Vo.
Cell
Type

P2

Freezing
Media

x 1015 m3/Ns
(µm/min-atm)

ELp or ELp[cpa]
kJ/mol
(kcal/mole)

Bopt

R2 Value

(Simulation)
o
C/min

No CPA

54.9
(0.321)

159.2
(38.09)

0.996

24.9

10% Glycerol

27.4
(0.16)

69.7
(16.67)

0.993

19.6

10.0% DMSO

24.0
(0.14)

63.0
(15.07)

0.994

19.1

0.56
(0.33)
0.27
(0.16)

171.4
(41.0)

0.991

22.0

62.7
(15.0)

0.993

24.0

0.26
(0.15)

62.8
(15.0)

0.996

19.0

No CPA
P4

Lpg or Lpg[cpa]

10% Glycerol
10.0% DMSO

(±25% ) variation in the predicted optimal cooling rates; although the magnitudes are within ± 6
˚C/min of each other for corresponding freezing media).
In case of P4 cells (Table 2.2, 2.4 and 2.6) as the assumed value of Vb increases the
model predicted values of Lpg decreases in all the media. However, for P4 cells the behavior of
ELp is more complex, without CPAs, it decreases as Vb increases. In the presence of 10%
DMSO, ELp increases as Vb increases. While in the presence of 10% glycerol, ELp has a
minimum at an assumed Vb value of 0.6 Vo and increases as the value of Vb is varied,
irrespective of whether it is lowered to 0.4 Vo or increased to 0.8 Vo. The exact reason for this
anomalous behavior of P4 ASCs in the presence of glycerol is unclear and warrants further
study. Despite the differences in the predicted permeability (Lpg and Lpg[cpa]) values of P4 ASCs
for different Vb values, a similar value (±20%) is obtained for the predicted optimal cooling rate
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(Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6). Thus, the results for all adipose derived cells (except P0
with no CPA) showed that the variation in the value of Vb does not significantly alter the model
predicted optimal rates of freezing and further studies are clearly needed to understand this
lack of sensitivity in the value of predicted optimal cooling rates for adipose derived cells to the
assumed value of Vb.
This relative insensitivity of the predicted optimal cooling rate to the assumed value of
Vb has been reported earlier for a variety of biological systems (Devireddy et al., 1998;
Devireddy et al., 1999; Thirumala et al., 2003; Thirumala and Devireddy 2005). A possible
explanation for the independence of the predicted optimal cooling rate from Vb could be due
the following concatenation of events: i) assuming Vb decreases (or the initial water volume
increases), the ratio of surface area available for water transport (A) to the initial water volume
(Vo - Vb) decreases; ii) a simple analysis of equation (1), shows that as the ratio of A and (Vo - Vb)
decreases, Lpg has to increase (this trend of increasing Lpg with decreasing Vb is clear from the
data shown (Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6). The effect of varying Vb on ELp is not quite as
straight forward due to the exponential (arrhenius) relationship between Lp and ELp, as
described earlier in equation (2); iii) and if we realize, as revealed in a recent study by
Thirumala and Devireddy (2005), that the optimal cooling rate is a direct and linear function of
Lpg and the ratio A/(Vo - Vb) we conclude that changes in Vb will effect the value of Lpg but
should not dramatically alter the optimal cooling rate (as is clear from the data shown in Tables
2.1, 2.2, 2.3, 2.4, 2.5 and 2.6).

And finally, it is important to note that the effect of ELp on the

predicted optimal cooling rate is not linear and in fact decreases exponentially as it increases
(Thirumala and Devireddy 2005). In essence, the most significant measurements that determine
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the optimal cooling rate are the water transport (volumetric shrinkage) response and the ratio
of the cell surface area available for water transport to the initial amount of water present in
the cell.
2.3.5: Effect of Varying Assumed Cell Diameter (or Surface Area to Volume Ratio)
To account for any errors and uncertainties in the measured cell diameter of the
adipose derived cells, we also investigated the effect of varying the surface area to volume ratio
(S:V) by ±50%, from 0.12 to 0.06 and 0.18. The geometric model was suitably modified in the
water transport model (Eqns. 2 and 3) and the corresponding best-fit permeability parameters
(Lpg or Lpg[cpa] and ELp or ELp[cpa]) were obtained using the nonlinear least squares curve fitting
technique as previously described (data not shown in the interest of brevity). As expected the
membrane permeability parameters obtained, by increasing the S:V ratio are lower than those
shown in Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6).

Similarly, the membrane permeability

parameters obtained by decreasing the S:V ratio, are higher than those shown in Tables 2.1, 2.2
2.3, 2.4, 2.5 and 2.6. This inverse relationship between S:V ratio and the predicted membrane
permeability parameters (Lpg or Lpg[cpa] and ELp or ELp[cpa]) is not surprising, since Eqn. (2)
shows that the change in the volume of the adipose derived cells as a function of temperature
(dV/dT) is proportional to the product of Lp and Ac. Thus, for a given change in the ASC volume
as a function of temperature (dV/dT), an increase in Ac (or S:V ratio) will cause a corresponding
decrease in the predicted value of Lp, where Lp = f (Lpg, ELp) as shown in Eqn. (3) and vice-versa.
Thus any changes to the geometrical model of the adipose derived cells (specifically membrane
surface area, Ac) will manifest themselves with corresponding changes to the model predicted
membrane permeability parameters (Lpg or Lpg[cpa] and ELp or ELp[cpa]).
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Additional numerical simulations were also performed assuming the new S:V ratio’s by
varying the assumed diameter of the cell and the corresponding water transport parameters in
the water transport model (Eqns. 2 and 3).

The simulations were analyzed to predict the

“optimal cooling rate” as described earlier, i.e. the cooling rate at which 5% of the initial
osmotically active water volume is trapped inside the cells at temperature, T ~ -30˚C.

As

expected, water transport simulations using the new S:V ratios suggest a range of optimal
cooling rates (data not shown) that are quite close to the values obtained earlier with a S:V
ratio of 0.12 (cooling rates are shown in Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6).
2.3.6: Effect of Cryoprotective Agents on Membrane Permeability Parameters
There is a significant increase in the measured values of reference membrane
permeability, Lpg (or Lpg[cpa]) (~100-170%) and the activation energy, ELp (or ELp [cpa]) (~8 to
65%) values for SVF cells obtained in the presence of CPAs when compared to values obtained
in their absence, for all the assumed values of Vb. Similarly for P0 ASCs there is an increase in
the measured values of Lpg (or Lpg[cpa]) (~18 to 34%) and the activation energy, ELp (or ELp [cpa])
(~15 to 50%) in the presence of CPAs when compared to the values obtained in the absence of
CPA for an assumed value of Vb of either 0.6Vo or 0.4Vo. However, when the assumed value of
Vb is increased to 0.8Vo, the converse is found to be true for P0 ASCs, i.e., adding either glycerol
or DMSO significantly decreased the measured values of the activation energy, ELp (or ELp [cpa])
(~33-50%) and the reference membrane permeability, Lpg (or Lpg [cpa]) (~9 to 32%) when
compared to values obtained in their absence (Table 2.5 and Table 2.6).
Contrary to the above discussed ASCs (SVF, P0, [except P0 at Vb=0.8Vo]), P2 ASCs
showed a significant decrease in measured values of Lpg (or Lpg[cpa]) (~50 to 60%) and the
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activation energy, ELp (or ELp [cpa]) (~56 to 67%) for all Vb values when compared to values
obtained in the absence of CPAs (Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6). Similar to P2 cells, for P4
cells there is a significant decrease in the measured values of reference membrane
permeability, Lpg (or Lpg[cpa]) (~50-70%) and the activation energy, ELp (or ELp [cpa]) (~60-70%)
obtained in the presence of CPAs when compared to values obtained in their absence, for all
the assumed values of Vb. Clearly, the relative effects of the composition of the freezing media
and the assumed value of the inactive cell volume had different effects on the predicted
permeability parameters for different ASCs.
2.3.7: Effect of Cryoprotective Agents on the Predicted Optimal Cooling Rates
For SVF and P0 ASCs at Vb = 0.6Vo (as shown in Table 2.1 and Table 2.2), the optimal
cooling rates in the presence of either 10% glycerol or 10% DMSO are significantly smaller (~43
to 74%) than the predicted optimal values in their absence. Interestingly, at Vb = 0.6Vo the
addition of CPAs increases the optimal freezing rates by ~5 to 10% for P2 ASCs. At Vb = 0.4Vo,
the presence of CPAs significantly decreased the optimal cooling rates by ~42 to 50% (for SVF
cells), ~ ~66 to 68% (for P0 ASCs) and by ~15 to 18% (P2 ASCs), whereas at Vb = 0.8Vo, the
presence of CPAs the optimal cooling rates were reduced by ~30 to 50% (for SVF cells), ~20 to
40% (for P0 ASCs) and by ~21 to 23% (P2 ASCs). The significant decrease in the predicted
optimal cooling rates for adipose derived cells (except for P2 ASCs at Vb = 0.6Vo) in the presence
of CPAs is surprising as the presence of CPAs is expected to increase the ability of the cell
membrane to dehydrate at faster cooling rates as shown for several mammalian cells
(Devireddy et al., 1999; Devireddy et al., 2000; Smith et al., 1998). However, a similar decrease
in the predicted optimal cooling rates in the presence of CPAs was observed for other biological
46

cell systems (Devireddy et al., 2002; Thirumala et al., 2003; Devireddy et al., 2005) as well. For
P4 cells the presence of CPAs (either glycerol or DMSO) did not significantly alter the predicted
optimal cooling rates at all Vb values. Further studies are needed to elucidate the precise
mechanism by which CPAs alter the ASC membranes during and after a freeze-thaw process
(Pinisetty et al., 2005).
2.4 CONCLUSIONS
The water transport phenomena (volumetric shrinkage) during freezing of adipose
derived adult stem (ASCs) cells in the presence of extracellular ice and CPAs (glycerol and
DMSO) was obtained in this study using a DSC technique at a cooling rate 20 ˚C/min.
Volumetric shrinkage during freezing of adipose derived cells was obtained in the presence of
extracellular ice and CPAs (10% DMSO and 10% glycerol). The measured water transport data
in the presence and absence of CPAs was curve fitted to a model of water transport (Eqns. 2
and 3), to predict the membrane permeability parameters Lpg or Lpg[cpa] and ELp or ELp[cpa] of
adipose derived cells. The permeability parameters obtained in this study predict an optimal
rate of freezing for SVF cells ranging from 25 to 60 ˚C/min, for P0 ASCs from 25 to 100 ˚C/min,
for P2 ASCs from 20 to 25 ˚C/min and for P4 ASCs from 19 to 22 ˚C/min. The water permeability
parameters presented in this study will help to establish cryopreservation of adipose derived
cells on a firm biophysical basis. Future studies should make direct comparisons of the optimal
cooling rates predicted using the water transport models developed here with experimentally
determined optimal cooling rate values for adipose derived cells.
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CHAPTER 3
THE EFFECT OF VARIOUS FREEZING PARAMETERS ON THE IMMEDIATE
POST-THAW MEMBRANE INTEGRITY OF ADIPOSE TISSUE DERIVED
ADULT STEM CELLS1
3.1 INTRODUCTION
In a typical cryopreservation process, the membrane integrity of any biological cell
depends upon the thermal history it experiences, i.e., cooling rate (CR), end temperature (ET),
hold time or the time spent at the end temperature (HT) and warming or thawing rate (TR)
(Mazur 1984). Depending on whether the CR is ‘‘slow’’ or ‘‘fast,’’ the intracellular water
permeates across the cell membrane and joins the extracellular ice phase or freezes and forms
ice inside the cell, respectively (Mazur 1963; Mazur 1984). In most cases, cells undergoing ice
formation inside the cells or intracellular ice formation (IIF) are rendered osmotically inactive
(lysed), due to the loss of cell membrane integrity (Mazu 1970; Meryman 1966). Similarly cells,
which experience a severe loss of intracellular water, are also rendered osmotically inactive
(Lovelock 1953). The deleterious effect of lowering the ET and increasing the HT on cell
membrane integrity was observed with human prostate cancer cells (Tatsutani et al., 1996), rat
prostate cancer cells (Smith et al., 1999) and ELT-3 uterine leiomyoma tumor cells (Bischof et
al., 2001). Finally, the beneficial effect of increasing TR on cell membrane integrity is assumed
at least in part to be due to minimization of recrystallization injury (Mazur 1984).
A detailed study assessing the effect of varying all these four parameters within a
practically relevant range would help to evaluate which parameter would impact the post-thaw
1

This work was published in the following citations: S. Thirumala, S. Zvonic, E. Floyd, J.M. Gimble and R.V. Devireddy. The Effect
of Various Freezing Parameters on the Immediate Post-Thaw Membrane Integrity of Adipose Tissue Derived Adult Stem
Cells. Biotechnology Progress, 21: 1511-1524 (2005).
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membrane integrity most adversely and establish optimal thermal conditions for ASCs cell
freezing storage. A two-level, four-parameter (24) full factorial design was implemented to
calculate the individual and interaction effects of all thermal parameters (Box et al., 1978;
Hynsjo et al., 1995; Smith et al., 1999; Moffat 1985; Moore and McCabe 1993; Guilak et al.,
2005).

ASCs cell suspensions were frozen in the presence of dimethylsulfoxide (DMSO),

arguably the most commonly used chemical as a cryoprotective agent (CPA).

Individual

parameter effect values represent which parameters most significantly affect the post thaw
membrane integrity, where as parameter interaction values reveal any coaction effect among
all the parameters in determining the post thaw membrane integrity of ASCs cells at various
passages. These observed results could be used as a basis for developing rational freezing
storage of ASCs cells.
3.2 MATERIALS AND METHODS
3.2.1: Isolation, Collection and Culture of Adult Stem Cells
The isolation and culture of the ASCs were given in the chapter 2. Note that there is
extensive data suggesting that these adherent ASCs exhibit multiple lineages when culture in
vitro (Zuk et al., 2001; Zuk et al., 2002; Gimble and Guilak 2003; Awad et al., 2004; Mizuno et
al., 2001; Gimble and Nuttall 2004; Safford et al., 2002; Hicok et al., 2004). A recent study by
Guilak et al., (2005) shows with the aid of histological and biochemical analyses that pools of
human ASCs cells can exhibit multiple differentiated phenotypes under appropriate in vitro
culture conditions (briefly, 52% of the ASCs cells clones differentiated into two or more
lineages; with more clones expressing osteoblasts, chondrocytes and neuron-like cells than
adipocytes).

Thus, there is clear evidence that the adherent cells cultured from stromal
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vascular fraction exhibit “stem cell” behavior, and are termed as human adipose derived adult
stem (ASCs) cells, in the present study.
3.2.2: Freeze/Thaw Experiments
All freezing protocols were carried out on all passages of ASCs cells using a
programmable controlled rate-freezing (CRF) machine (Planer Series Kryo 560-16, TS Scientific,
Perkasie, PA). The samples were loaded into a 6-well cell culture cluster (Corning Incorporated,
Corning, USA). Before freezing, the cell suspensions were gently mixed with 10% DMSO as a
cryoprotective solution (CPA), i.e. a one-step addition of CPA. The samples were equilibrated in
the cryoprotective solution for ~10min before the freezing experiments were performed. The
cluster was then loaded into the cryo-machine (which was precooled to 4 oC) and kept for 1 min
for equilibration. The samples were then cooled at a predetermined CR to a predetermined ET
and HT. Extracellular ice nucleation was observed visually and almost always occurred in the
sample solution at ≥ -6 oC (i.e. the supercooling was always sufficient to drive ice nucleation). In
the rare instance that ice nucleation did not occur spontaneously, a chilled metallic needle at 196 oC was inserted into the supercooled sample solution to facilitate the formation of
extracellular ice. As the CRF machine we used was limited to a controlled thawing/warming rate
of 40 oC/min, the thawing rate 200 oC/min was obtained by removing the 6-well cluster from
the CRF machine and quickly bringing the bottom of the cluster into contact with a warm water
bath maintained at 37 oC.
The accuracy of the CRF (and the thawing rate obtained by placing the cluster in a warm
water bath) was verified by measuring the temperature in the well plates, using type-T
hypodermic needle thermocouples (Omega Technologies, Stamford, CT, USA). Thermocouple
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voltages were read by a precision temperature data logger (Veriteq Instruments Inc, Richmond,
BC, Canada) and transferred to a personal computer for further reduction and data analysis.
The cooling rates imposed by the CRF was within 5% for cooling rates of ≤ 10 oC/min and within
10% for the highest cooling rates of 40 oC/min. Similarly, we found that the thawing rate
obtained by placing the cluster in the warm water bath was within 5% of 200˚C/min.
3.2.3: Cell Membrane Integrity Measurements
The membrane integrity assay was based on cell membrane integrity of post-thaw ASCs
cells. This type of assay takes advantage of the ability of healthy cells with uncompromised
cytoplasmic membrane integrity to exclude dyes such as trypan blue (English et al., 1979;
Jackson et al., 1992). The control and frozen/thawed samples were incubated for 15 min and
then stained with trypan blue solution (Sigma Chemical Co., St. Louis, MO, USA). After staining,
the samples were placed on a microslide, coverslipped, and analyzed under a light microscope
(Nikon Instruments Inc. Melville, NY, USA) at 10X magnification.
3.2.4: Statistical Analysis
As stated earlier, we proposed to implement a two-level, full factorial design to compare
the individual and interaction effects of four different thermal parameters (CR, ET, HT and TR)
on the post thaw membrane integrity of ASCs cells. A two-level, full factorial design consists of
2k experiments where k is the number of factors each with a high and low value. In this context
a factor is an experimental variable, and a result is the quantitative measure of the parameter
of interest. In this approach, the effect of each parameter on the overall post thaw membrane
integrity of ASCs cells during a freezing process can be individually identified. The relevant
statistical effects of each parameter were estimated by comparing the results from all the
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Table 3.1: High and low values of each parameter used to define the experimental matrix of
freeze/thaw protocol.
Parameter
Cooling rate (CR)
End temperature (ET)
Hold time (HT)
Thawing rate (TR)

Low Value

High Value

1 oC/min

40 oC/min

-80 oC

-20 oC

1 min

15 min

10 oC/min

200 oC/min

experiments with the high value of a parameter to the results of all the experiments with the
low value. Any synergy between two, three or more parameters in determining membrane
integrity outcome was revealed through calculation of interaction effects. Detailed explanation
of these calculations will be given in the ‘data analysis’ section. The two levels (lower and
higher level) of the four parameters (CR, ET, HT and TR) were chosen in such a way that they
enclosed all parameter values possible in a typical freezing process obtainable in a commercially
available controlled rate freezer (Table 3.1). Note that the actual magnitude for the high and
low values selected for these parameters in the present study is somewhat subjective (for
example, the CRF is capable of obtaining controlled cooling rates as low as 0.1 ˚C/min and
thawing rates as low as 0.1 ˚C/min). However, choosing a lower limit on the cooling rate than 1
˚C/min would have meant cooling ASCs cells for an inordinate amount of time (to get to –80 ˚C
while cooling at 0.1 ˚C/min would have meant allocating over 13 hours and to get to –160 ˚C
would have taken longer than a day).

Additionally we tried to include in our range of

parameters with some practical considerations in mind (for example we chose –80 ˚C as the
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high ET as this is the temperature that is most commonly used in clinical settings and our choice
of 40 ˚C/min as the high cooling rate is based on the engineering approximation of this being
the highest value achievable in a large scale industrial setting while freezing samples that are in
multiples of milliliters, i.e. reasonably large sized samples). For three parameter ranges the
design can be represented, graphically, by a three-dimensional observation space as shown in
Fig 3.1 (Smith et al., 1999). As we have four parameter ranges in our experimental design, the
three parameters CR, ET and HT were depicted in a three dimensional space where as the
variation in fourth parameter TR was shown as two separate three dimensional spaces, one for
low value of TR and other for high value of TR as shown in Fig 3.1.
Each corner of the parameter space represents the mean of the experimental results of
each combination of factors. There are a total of 24 = 16 experimental protocols each of which is
one point in the design matrix. A center point protocol (average of high and low values) was
also included in the design matrix to determine the nonlinearity of the membrane integrity
dependence on four parameter ranges studied. The statistical effects were found by comparing
the different corners of the space. These effects include the relative effects of individual
parameters on ASCs cell membrane integrity and as well as two factor interaction effects and
higher order interaction effects (three and four parameter interactions) among various
parameters on ASCs cell membrane integrity. The ASCs cells were exposed to all freeze/thaw
conditions described by each of these corner points and after each experiment the cell
membrane integrity was measured under microscope and the mean membrane integrity values
were then used to determine the various effects of all four thermal parameters studied.
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Figure 3.1: Diagram of the three dimensional experimental matrix for ASCs membrane integrity over high and low values of four
thermal parameters, namely cooling rate (CR), end temperature (ET), hold time (HT) and thawing rate (TR). Variation in three
parameters (CR, ET and HT) is shown in three-dimensional space whereas the variation in the fourth parameter, TR, is shown as
a separate three-dimensional space for each level of TR. Each parameter is indicated using the first letter of its designation and
the high and low values of each parameter are designated by upper and lower case letters respectively. The overscore bar on
each parameter in the center point protocol represents average of high and low values of that parameter.
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3.2.5: Data Analysis
By using the formulation described in Box et al., (1978), and procedures used by Smith
et al., (1999), all the parameter effects were calculated using the membrane integrity data from
all experimental protocols. The statistical effects of each parameter were found by comparing
the results from all of the experiments with the high value of a parameter to the results of all of
the experiments with the low value. The main effect of each parameter was calculated from the
mean of the membrane integrity data obtained from eight experimental protocols in which high
value of that parameter was used minus mean of the membrane integrity data obtained from
eight protocols in which low value of that parameter was used. The main effect of a parameter
determines the average effect of that parameter over all conditions of the other variables. As
an example, calculation of CR effect is shown in Equation 1 and is geometrically represented in
Fig 3.2A.

ECR 

1
Ceht  CEht  CehT  CeHt  CEhT  CeHT  CEHt  CEHT 8
1
ceht  cEht  cehT  ceHt  cEhT  ceHT  cEHt  cEHT 
8

(1)

where ECR represents the average effect of cooling rate (Smitha et al., 1999). Each four letter
combination of (c or C), (e or E), (h or H), and (t or T) represents one of the 16 average
membrane integrity measurements in the experimental matrix. Note that the high and low
values of parameters are distinguished by the use of capital and lower case letters respectively.
For example, the term ‘CehT’ represents the average membrane integrity for cells exposed to
the high CR (40 oC/min), low ET (-80 oC), low HT (1 min), and high TR (200 oC/min). All other
remaining individual parameter effect values were also determined in a similar manner.
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Figure 3.2: Geometric representation of main effects and two and three interactions effects.
Main effects are represented as a contrast between results on parallel faces (Fig 3.2A), 2
parameter interactions as a contrast between results on diagonal faces (Fig 3.2B) and finally
the 3 parameter interactions are represented as a contrast between results on two tetrahedral
in each three dimensional space (Fig 3.2C). The effects can be computed as the difference
between two averages of eight experimental membrane integrity values: (1/8)* values (1/8)* values. Calculation of the ‘cooling rate’ effect (ECR) is shown in (Fig 3.2A), ‘cooling
rate - end temperature’ interaction effect (ICR-ET) is shown in (Fig 3.2B) and the ‘cooling rate-end
temperature -hold time’ interaction effect (ICR-ET-HT) is shown in (Fig 3.2C).
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Following Box et al., (1978), two or more parameter interaction effects were also
determined. The two parameter interaction effect is the average difference between the effect
of one parameter at the high and low level of a second parameter; for example the interaction
between CR and TR is the average difference between the effect of CR at the high level of TR
and the effect of CR at the low level of TR. Therefore, like the main effect the interaction effect
is also a difference between two averages. An example, calculation of CR and TR effect is shown
in Eq 2 and is geometrically represented in Fig 3.2B.

I CR TR 

1
CehT  CeHT  CEHT  CEhT  cEHt  cEht  ceHt  ceht  8

1
Ceht  CeHt  CEHt  CEht  cEHT  cEhT  cehT  ceHT
8

(2)



where ICR-TR represents the cooling rate-thawing rate interaction value. In a similar manner
higher order interaction can also be determined (Box et al., 1978). Note that all interaction
effect values are symmetric, i.e. ICR-TR = ITR-CR. Thus for a 4 parameter experimental model there
are 6 distinct parameter interactions (as listed in Table 3.3). The relative magnitude of
interaction effects show which parameter most significantly affects the cell membrane integrity
in the parameter range investigated.
The three parameter interaction effect is the average difference between the
interaction effect of any two parameters at the high and low level of a third parameter; for
example the interaction between CR, ET and HT is the average difference between the effect of
CR-ET interaction (ICR-ET) at high and low levels of HT. As an example, calculation of CR-ET-HT
interaction effect is shown in Equation 3 and is geometrically represented in Fig 3.2C.
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I CR  ET  HT 

1
Ceht  cEht  ceHt  CEHt  CehT  cEhT  ceHT  CEHT 8

(3)

1
CeHT  CeHt  CEhT  CEht  cEHT  cEHt  ceht  cehT 
8

where ‘ICR-ET-HT’ represents the cooling rate-end temperature-hold time interaction value. As
before the three parameter interaction effects are also symmetric in all the variables. Finally,
the four-parameter interaction effect can be determined in a similar manner explained above.
The interaction between four parameters CR-ET-HT-TR is the average difference between the
effect of CR-ET-HT interaction (ICR-ET-HT) at the high and low values of TR and is given by the
following equation as:

ICR-ET -HT -TR 





1
ceht  CEht  CeHt  cEHt  CehT  cEhT  ceHT  CEHT 8



1
Ceht  cEht  ceHt  cehT  CEHt  CEhT  CeHT  cEHT
8
where ‘ICR-ET-HT-TR’

(4)



represents the cooling rate-end temperature-hold time-thawing rate

interaction value.
As experiments inherently have errors, e.g., due to instrumentation, data acquisition
limitations, and facility and environmental effects, it is necessary to estimate the variations in
the membrane integrity data due to these experimental errors, which are referred to as
uncertainties. The variations in the membrane integrity data to these experimental
uncertainties were determined with the calculation of minimum significant parameter effect.
Any individual or interaction effect value must be greater than this minimum value to be
considered as significant parameter effect value. The minimum significant parameter effect can
be calculated using the formula (Smith et al., 1999; Moffat 1988; Moore 1993),
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 E  ts

2
mk

(5)

where, µE is the minimum significant parameter value, t is the t-statistic for a given confidence
interval from Student’s t-distribution as specified by giving the number degrees of freedom (as
described below), s is the pooled standard deviation for all the experimental protocols, m is the
number of levels of each parameter raised to the power of number of parameters minus 1 and
is equal to 24-1 = 8, and k is the number of repeated experiments for each protocol and is equal
to 3.
The total number of degrees of freedom for the whole set of experimental protocols in
design matrix is the degrees of freedom for each protocol times total number of protocols in
the parametric design. The total number of protocols was 17 (16 experimental protocols from
all combinations of four thermal parameters with a high and low value plus one center point
protocol) and the degrees of freedom for each protocol was 2. Thus, the number of degrees of
freedom for the whole set of experimental protocols was 34. Note that the t value also
depends upon the chosen confidence level (either 99%, 95% or 90%). It is to be noted that, the
minimum significant parameter interaction values µI are same as µE, because both values are
computed using the same membrane integrity values (Moffat 1985).
Non-linear dependence of cell membrane integrity on thermal history was assessed with
the calculation of of curvature (CV) as described in Moore and McCabe (1993) and Smith et al.,
1999. The curvature (CV) was computed by the following equation:

1
CV 
16

ceht  CEht  CeHt  cEHt  CehT  cEhT  


ceHT  CEHT  Ceht  cEht  ceHt  cehT   CEHT
CEHt  CEhT  CeHT  cEHT
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(6)

where ‘CV’ is the curvature value and C E H T

is the membrane integrity value for the

center point protocol. The minimum significant curvature values can be calculated using
student’s t-distribution in a similar way described earlier for the calculation of µE. The minimum
significant curvature value, µC is computed by using the formula:

 c  ts

1 1

mk z

(7)

The parameters t, s, m, k are same as for equation 5 and ‘z’ is the number of repeated
experiments (z=3) for the center point protocol. If the value of CV is not equal to µC then there
is a nonlinear dependence between post-thaw membrane integrity of ASCs and the thermal
parameters. The µE (or µI) along with the curvature (CV) for all passages of ASCs as computed
from the post-thaw membrane integrity data is given in Table 3.5.
3.3 RESULTS AND DISCUSSION
The results of the post thaw membrane integrity of P0 cells are summarized in a threedimensional space arrangement as explained in the previous section (Fig 3.1) and are shown in
Fig 3.3. The membrane integrity data at each corner points of the parameter space is
normalized to the percentage of initial (or unfrozen control) membrane integrity of the
suspended ASCs. The results, within the range of parameters studied, showed a variation in
percentage membrane integrity of P0 cells from a minimum of 47.1% at the high CR of 40
o

C/min and at low values of the other three parameters ET, HT and TR (i.e. for the protocol

Ceht) to a maximum of 97% at the slow CR of 1 oC/min and at the high ET, high HT and low TR
(i.e. for the protocol cEHt). Although, the difference in membrane integrity between cEHt and
ceht is statistically not significant (97% vs. 96.3%). A close observation of the data reveals that
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as long as the cooling rate is at its lower value, other parameters have little effect (  8%) on
post thaw membrane integrity of P0 ASCs cells.
Individual parameter effect (E) values for P0 cells are calculated from Eq 1 (as described
under Materials and Methods) and are given in Table 3.2 and Fig 3.8. The parameter effect
represents the average effect of that parameter over all conditions of the other variables. Note
that a high positive value of E indicates a strong correlation between increased post-thaw
membrane integrity and an increase in the parameter while a low negative value indicates a
decrease in post-thaw membrane integrity while the value of the parameter is increased (for
example: The ECR value of –18.3% in Table 3.1 for P0 cells indicates that there is a decrease in
post-thaw membrane integrity of 18.3% of the cells while the CR increases from 1 to 40 ˚C/min;
similarly EET of 15.72% implies that the average membrane integrity of P0 cells increases by
15.72% when the ET is increased from –80 ˚C to –20 ˚C).
The minimum significant parameter effect (E) values for P0 cells at various confidence
levels, CLs (99.0%, 95.0% and 90.0%) are calculated from Equation 5 and are given in Table 3.5.
At 99% CL the E for P0 cells was 3.4%, which indicates a possible variation of 3.4% in
membrane integrity outcome between any two freezing protocols could be solely because of
experimental uncertainties. So any parameter effect less than this value cannot be considered
as statistically significant parameter with 99% CL. Of all the parameter effect values for P0 cells
only CR (ECR = -18.27%) and ET (EET = 15.72%) have significant effect (with 99% CL) on P0 ASCs
membrane integrity as their values
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Figure 3.3: Membrane integrity data of Passage 0 (P0) of ASCs exposed to all the freezing protocols in the experimental matrix.
Post-thaw membrane integrity values are normalized to control (or unfrozen) cell membrane integrity. The average and
standard deviation are given for each protocol in the design matrix.
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Table 3.2: Parameter effects and total curvature values calculated from the membrane
integrity results and by using equations (1) and (6).
Cell
Type

Cooling
Rate Effect
(ECR)

End.
Temp. Effect
(EET)

Hold
Time Effect
(EHT)

Thawing
Rate Effect
(ETR)

Curvature
(CV)

P0

-18.27% a

+15.72% a

0.99%

2.75% b

-5.9%

P1

-9.56% a

+10.00% a

0.90%

2.37% c

2.3%

P2

-9.64% a

+13.87% a

-2.74% c

3.60% b

2.0%

P3

-16.73% a

+12.10% a

-4.18% a

-3.18% a

-4.9%

P4

-8.86% a

+9.96% a

-4.07% b

-18.11% a

-1.2%

Table 3.3: Two parameter interaction effects calculated from the membrane integrity
results and by using equation (2).

Cell
Type

I CR-ET

I ET-HT

I CR-HT

I ET-TR

I CR-TR

I HT-TR

P0

14.55% a

3.24% b

0.14%

-5.09% a

6.60% a

-0.23%

P1

10.02% a

-2.0%

3.20% b

1.75%

2.54% b

-8.34% a

P2

9.40% a

2.34% c

-0.04%

-1.41%

8.30% a

-2.04%

P3

11.68% a

2.12% c

-0.68%

-4.83% a

7.42% a

-4.06% a

P4

13.95% a

-3.48% c

2.81%

-4.68% b

2.06%

1.30%

For Tables 3.2 and 3.3
 a: Significant at 99.0% confidence level
 b: Significant at 95.0% confidence level
 c: Significant at 90.0% confidence level
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Figure 3.4: Membrane integrity data of Passage 1 (P1) of ASCs exposed to all the freezing protocols in the experimental
matrix. Post-thaw membrane integrity values are normalized to control (or unfrozen) cell membrane integrity. The average
and standard deviation of the membrane integrity results are given for each protocol in the design matrix.
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are greater than E (E for 99% CL is 3.4%) – as shown in Fig. 3.8 and Table 3.2. The ETR is
significant at only 95% CL while EHT is not significant even at a confidence level of 90% (see
Table 3.2).
The multi-parameter interaction effect (I) values for P0 cells are calculated using
Equations 2, 3, and 4 respectively and are given in Tables 3.3 & 3.4 (and Figs. 3.9 and 10). The
value of each interaction between any two parameters is defined as the average difference in
effect of one parameter due to a change in other parameter. For example, ICR-ET value of 14.55%
implies that, the average change in P0 ASCs cell membrane integrity caused by reducing CR is
further increased by 14.55% if the ET is increased from its lower value to higher value. Similarly,
ICR-ET-HT value of 2.25% implies that the average change in membrane integrity caused by ICR-ET is
further increased by 2.25% if HT is increased from 1 to 15 min. As stated earlier, I = E for all
confidence levels and any interaction effect below this value is statistically insignificant and can
be disregarded. Among the six two parameter interactions, three interactions CR-ET (ICR-ET
=14.55%), ET-TR (IET-TR = -5.1%) and CR-TR (ICR-TR = 6.6%) have a significant impact on P0 ASCs
cell membrane integrity with 99% CL (I = 3.4%). The interaction effect between ET-HT (IET-HT =
3.2%), is significant at 95% CL (I = 2.5%). The remaining two interactions CR-HT (ICR-HT = 0.1%)
and HT-TR (IHT-TR = 0.2%) are not significant even at a confidence level of 90% (I = 2.1%) and
can be accounted for experimental uncertainties. Similarly, from the data shown in Table 3.4 it
is clear that with the exception of CR-HT-TR (ICR-HT-TR = 3.53%) all other three and four
parameter interactions are statistically not significant at 99% CL for P0 ASCs cells (I = 3.4%).
However, the interactions between CR-ET-TR (ICR-ET-TR = 3.15%) and CR-ET-HT-TR (ICR-ET-HT-TR =
2.6%) are significant at 95% CL for P0 ASCs cells (I = 2.5%). And finally among the remaining
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Table 3.4: Three and four parameter interaction effects calculated from the membrane
integrity results and by using equations (3) and (4)

Cell
Type

P0
P1
P2
P3
P4




Four
parameter
Interaction

Three Parameter Interactions
I CR-ET-HT

I CR-ET-TR

I CR-HT-TR

I ET-HT-TR

I CR-ET-HT-TR

2.25% c

-3.15% b

-3.53% a

-0.11%

2.60% b

-2.38% c

-0.75%

-4.23% a

3.15% b

2.37% c

-2.25%

-6.63% a

2.81% b

1.81%

-0.98%

2.77% b

-7.38% a

-6.11% a

0.07%

2.02% c

1.83%

3.11% c

2.82%

-8.89% a

-0.33%

a

: Significant at 99.0% confidence level
: Significant at 95.0% confidence level
c
: Significant at 90.0% confidence level
b

multi-parameter interactions CR-ET-HT is significant at 90% CL while the interaction between
ET-HT-TR is not significant even at 90% CL.
The curvature (CV) in the membrane integrity results of P0 cells was calculated by using
Equation 6 and is equal to -5.9% (Table 3.2) which is lower than the calculated minimum
significant curvature value (C) of P0 ASCs cells at all CLs (Table 3.5). This suggests a nonlinear
dependence of membrane integrity results on thermal history. This difference between CV and
and C indicates that measured membrane integrity of cells exposed to a thermal history
defined by the midpoint protocol ( C E H T ) deviates by ~5.9% from the predicted value
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Figure 3.5: Membrane integrity data of Passage 2 (P2) of ASCs exposed to all the freezing protocols in the experimental
matrix. Membrane integrity values are normalized to control (or unfrozen) cell membrane integrity. The average and
standard deviation of the membrane integrity results are given for each protocol in the design matrix
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obtained by a linear interpolation of all the other membrane integrity results for P0 ASCs
(Smith et al., 2007).
The results of the post thaw membrane integrity of P1 cells are summarized in a threedimensional space arrangement as shown in Fig 3.4. The results showed a variation in
percentage membrane integrity of P1 cells from a minimum of 57.8% at high CR of 40 oC/min
and at lower values of other three parameters (Ceht) to a maximum of 99.7% at high CR and at
high ET, low HT and high TR (CEhT). A very similar membrane integrity outcome of 97.3% is
observed at low CR, high ET, low HT and high TR (cEhT). The corresponding E and E (or I)
values for P1 cells are given in Table 3.2 and Table 3.5 respectively. At 99% CL the E for P1 cells
was 3.3%. Of all the individual parameter effect values for P1 cells, only CR (ECR = -9.56%) and ET
Table 3.5: Minimum significant parameter values and minimum significant curvature values
calculated from the membrane integrity results and by using equations (5) and (6) for several
confidence levels (CLs)

Cell
Type

Minimum Significant Parameter
Value
(µE or µI)

Minimum Significant
Curvature Value
(µC)

99.0%

95.0%

90.0%

99.0%

95.0%

90.0%

P0

3.4%

2.5%

2.1%

7.1%

5.3%

4.4%

P1

3.3%

2.5%

2.1%

7.0%

5.2%

4.4%

P2

3.7%

2.8%

2.3%

7.9%

5.9%

4.9%

P3

3.0%

2.2%

1.9%

6.3%

4.7%

3.9%

P4

4.9%

3.6%

3.0%

10.3%

7.7%

6.4%
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(EET = 10.0%) have significant effect with 99% CL (as shown in Fig. 3.8) while TR is in effect with
only 90% confidence level and HT is statistically not significant even at a confidence level of
90%. For P1 cells, only CR-ET (ICR-ET =10.02%), and HT-TR (IHT-TR =-8.34%) are statistically
significant with 99% CL (I = 3.3%). All other interactions, with the exception CR-TR and CR-HT
at a confidence level of 95%, are not statistically significant and have no effect on P1 ASCs cell
membrane integrity (Table 3.3).
Similarly, with exception of the multi-parameter interaction between CR-HT-TR, all the
other higher order interactions are not significant at a confidence level of 99% CL (Table 3.4 and
Fig. 3.10). Although, by lowering the confidence level to 95%, we find that the interaction
between ET-HT-TR is significant and by lowering the confidence level further to 90% we find
that the interactions between CR-ET-HT and CR-ET-HT-TR are significant as well. And finally, the
curvature (CV) in the membrane integrity results of P1 ASCs cells is equal to 2.3% (Table 3.2)
and is lower than ‘C’ of P1 cells at all CLs. Thus, suggesting a nonlinear dependence of
membrane integrity results of P1 cells on the four thermal parameters within the experimental
range.
Figs 3.5 and 3.6 show the membrane integrity data of P2 and P3 ASCs cells, respectively.
Within the range of the themal parameters investigated, the variation in the percentage
membrane integrity of P2 ASCs cells is from a minimum of 60.7% for the protocol CeHt to a
maximum of 97.8% for the protocol CEhT, whereas the membrane integrity of P3 ASCs cells is
from a minimum of 48.6% for the protocol Ceht to a maximum of 97.4% for the protocol ceht. A
very similar membrane integrity outcome of P2 ASCs cells is also observed for protocols cEhT
(96.7%), CEHT (96.6%), cEHT (96.7%) and ceht (96.8%). The corresponding E and
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Figure 3.6: Membrane integrity data of Passage 3 (P3) of ASCs exposed to all the freezing protocols in the experimental
matrix. Post-thaw membrane integrity values are normalized to control (or unfrozen) cell membrane integrity. The average
and standard deviation of the membrane integrity results are given for each protocol in the design matrix.
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Figure 3.7: Membrane integrity data of Passage 4 (P4) of ASCs exposed to all the freezing protocols in the experimental
matrix. Post-thaw membrane integrity values are normalized to control (or unfrozen) cell membrane integrity. The average
and standard deviation of the membrane integrity results are given for each protocol in the design matrix.
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E values for P2 and P3 ASCs cells are given in Tables 3.2 and 3.5 respectively. At 99% CL, the E
for P2 cells is 3.7% and for P3 cells it is 3.0%. Both CR (ECR = -9.64%) and ET (EET = 13.87%) have
a significant effect on P2 ASCs cell membrane integrity while CR (ECR = -16.73%), ET (EET =
12.10%), HT (EHT = -4.18%), and TR (ETR = -3.18%), all have a statistically significant effect on P3
ASCs cell membrane integrity (Table 3.2 and Fig. 3.8).
The multi-parameter interaction effect (I) values for both P2 and P3 cells are given in
Table 3.3 & 3.4 and the corresponding I values are shown in Table 3.5. For P2 ASCs cells,
among the 2 parameter interactions, CR-ET (ICR-ET =9.4%), and CR-TR (ICR-TR = 8.3%) are
significant at 99% CL while ET-HT is statistically significant with only 90% CL. Among the higher
order interactions, ICR-ET-TR (with 99% CL) and ICR-HT-TR (with 95% CL) are the only ones that show
any significant effect on P2 ASCs cell membrane integrity. Whereas in case of P3 cells, four out
of the possible six two parameter interactions are significant at 99% CL, CR-ET, ET-TR, CR-TR
and HT-TR, as shown in Table 3.2 and Fig. 3.8. While among the higher order interactions, both
CR-ET-TR and CR-HT-TR are significant at 99% CL for P3 ASCs cells, as well. The curvature (CV)
values of P2 and P3 cells are equal to 2.0% and –4.9% and are lower than their corresponding
C values at all CLs. Thus, suggesting a nonlinear dependence of membrane integrity results of
P2 and P3 ASCs cells on all the thermal parameters studied.
And finally, the post thaw membrane integrity results of P4 ASCs cells are represented in
Fig 3.7. The results showed a variation in membrane integrity from a minimum of 50% for
protocol CehT to a maximum of 98.8% for protocol cEht. Also, membrane integrity with more
than 98% is observed with two more protocols in the design, CEHt (98.0%) and ceht (98.4%).
The P4 ASCs cell membrane integrity is significantly impacted by 3 out of the 4 individual
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Figure 3.8: A comparison of the single parameter effect for various passages of ASCs (note that the all values shown are
significant at a confidence level of 99%). Figs, 3.8AA, 3.8BB and 3.8C correspond to ECR, EET and ETR, respectively (Equation 1 and
Table 2). To simplify the figure, we chose not to represent EHT which is only significant for P3 ADAS cells (see Table 3.2). Also, as
shown in Fig. 3.8C, the effect of thawing rate (ETR) is not significant for either P0 or P1 or P2 ADAS cells. The ASCs passage
number is shown on the X-axis while the individual parameter effect value is shown on the Y-axis.
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parameters, CR, ET and TR with 99% CL (see Table 3.2 and Fig 3.8) while the effect of HT is also
significant albeit a lower confidence level of 95% (see Table 3.2). Interestingly, it is observed
that TR has a maximum negative effect (ETR = -18.11%) on P4 ASCs cell membrane integrity and
while the ET has the maximum positive effect (EET = 9.96%).

Among the higher order

interactions, the only significant interactions with 99% CL are the CR-ET (ICR-ET =13.95%) and ETHT-TR (IET-HT-TR = -8.89%) – see Tables 3.3 and 3.4 and Figs 3.9 and 3.10. However, the
interactions between ET-TR and ET-HT are significant at lower confidence levels of 95% and
90% respectively (Table 3.3). As before, there is a nonlinear dependence of membrane integrity
results of P4 ASCs cells on the four thermal parameters investigated (CV is less than C at all
confidence levels).
As mentioned earlier, at 99% CL only the parameters CR and ET have significant effect
on post thaw membrane integrity of all passages of ASCs cells. For all passages, the increase in
CR has a deleterious effect whereas increase in ET has a beneficial effect on post thaw
membrane integrity. This observation is further corroborated by the membrane integrity data
shown in Figs 3.3 to 3.7, i.e. at the high value of the parameter ET (-20 oC) the post thaw
membrane integrity is “high” at both the high and low values of the parameter CR (1 and 40
o

C/min). While at the low value of ET (-80 oC) the post thaw membrane integrity is “high” at

only the low value CR (1 oC/min). Also, a “low” post thaw membrane integrity is seen in Figs.
3.3 to 3.7 at high CR and at low ET values suggesting that within the range of parameters
investigated, freezing of all ASCs cell passages using rapid cooling rates (40 oC/min) to lower
end temperatures (-80 oC) is not advantageous.
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As seen in Table 3.2 (and Fig. 3.8), the effect of ET and CR on all ASCs cell passages
studied are all significant with confidence level (CL) of 99%. However, the effect of TR is
significant (at 99% CL) for P3 and P4 ASCs cells while the effect of HT is significant (also at 99%
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CL) for P3 ASCs cells (Table 3.2 and Fig. 3.8). Even though both HT and TR have a considerable
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Figure 3.9: A comparison of the two parameter interaction effect for various passages of ASCs
(note that the all values shown are significant at a confidence level of 99%). Figs, 3.9A, 3.9B, 3.9C
and 3.9D correspond to ICR-ET, IET-TR, ICR-TR and IHT-TR respectively (Equation 2 and Table 3). Note that
the other two-parameter interaction effects IET-HT and ICR-HT are not significant at 99% confidence
level for any of the ADAS cell passages, investigated (see Table 3.3). The ADAS cell passage number
is shown on the X-axis while the individual parameter effect value is shown on the Y-axis.
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effect on the post thaw cell membrane integrity of P3 cells, their relative magnitude is small (by
a factor of 3 to 4) when compared to the corresponding effect of CR and ET (Fig 3.8). Similarly,
it is also quite clear from the data shown in Table 3.2, at 99% CL, that TR and HT have no
significant effect on the post thaw membrane integrity of either P0 or P1 or P2 ASCs cells.
The results also showed a significant variation in parameter effects among all passages
of ASCs cells (Table 3.2 and Fig 3.8). For example, there is a significant difference in E values
between P0 and P1 ASCs cells for CR and ET (decreasing CR for P0 ASCs cells increases the postthaw cell membrane integrity by ~18% while a similar decrease in CR for P1 ASCs cells only
increases the post-thaw cell membrane integrity by ~9%). It is also important to note that the
effect of lowering CR seems to have a similar effect on P0 and P3 ASCs cells (ECR being ~16 to
18%) and on P1, P2 and P4 ASCs cells (ECR being ~9 to 10%). However the effect of ET on all the
passages of ASCs cells seems to more uniform than CR (ECR varies from ~9 to 18% while EET
varies only from ~10 to ~15% across all passages of the ASCs Cells). Based on the results shown
in Table 3.2 and Fig 3.8, it is clear that the most significant increase in post-thaw cell membrane
integrity on all the passages of ASCs cells can only be achieved by decreasing CR and increasing
ET, with the exception of P4 ASCs cells (P4 cells exhibit the largest decrease in immediate postthaw cell membrane integrity while TR is increased).

This result is intriguing and we are

unaware of any prior reporting such a relationship between CR, ET and post-thaw membrane
integrity for any cell type. Of course, it is quite possible that the unique nature of our
measurement, i.e. immediate post-thaw membrane integrity is responsible for this intriguing
relationship. Further studies are clearly warranted to examine if this relationship is
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shown on the Y-axis.
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unique to ASCs cells or a more general relationship for all cell types. Another observation that
merits further study is the effect of TR on post thaw ASCs cell membrane integrity. It is typically
accepted in the literature that increasing TR decreases recrystallization injury and hence
increases post thaw cell membrane integrity (Mazur 1984). While this assertion is found to be
valid for P0, P1 and P2 ASCs cells, both P3 and P4 cells show a decrease in post thaw membrane
integrity with increasing TR. This result needs to be further investigated and suggests a) the TR
required to minimize recrystallization or thawing injury in P3 and P4 ASCs cells is larger than the
high TR (200 ˚C/min) chosen in the present study or b) P3 and P4 ASCs experience, contrary to
accepted wisdom, increasing recrystallization injury with increasing TR.
The significant interaction effects between CR and ET for all ASCs cell passages shown in
Table 3.3 (and Fig 3.9), further support the argument that CR and ET are the critical parameters
in determining the post thaw membrane integrity of ASCs cells. As shown in Table 3.3, the
average change in post thaw membrane integrity caused by reducing CR is further increased by
9 to 15% for all ASCs cell passages if ET is increased from –80 to –20 ˚C, i.e. the parameter ICR-ET
varies from ~9% to 15%. At 99% CL, the increase in TR has a damaging interaction with
decrease in ET for P0, and P3 ASCs cells and a beneficial interaction with decrease in CR for P0,
P2 and P3 ASCs cells (Table 3.3). An increase in TR coupled with a decrease of HT is also found
to decrease the post thaw cell membrane integrity of P1 and P3 ASCs cells. Thus, a complex
interaction is present between post thaw cell membrane integrity and the 4 thermal
parameters.
To further delineate the complex interactions among CR, ET, HT and TR on the post
thaw cell membrane integrity of ASCs cells, the multi-parameter interaction shown in Table 3.4
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need to be analyzed. As shown in Table 3.4 (and Fig 3.10), the interaction among the 4
parameters is not significant even at 90% CL for P2 and P4 ASCs cells, while it is significant at
90% CL for P1 and P3 ASCs cells and significant at 95% CL or P0 ASCs cells.

At 99% CL, the

interactions among CR, ET and TR are significant only for P2 and P3 cells, while the interactions
among CR, HT and TR are important for P0, P1 and P3 cells (note that no other multiparameters interactions are significant at 99% CL, i.e. only 6 interactions are significant out of
the 25 shown in Table 3.4). Although, reducing the confidence level to 90% does increase the
number of significant multi-parameters interactions to 16 out of 25 (as shown in Table 3.4).
An examination of the multi-parameter interactions shown in Table 3.4 (Fig 3.10)
reveals that each passage has only one significant interaction at 99% CL (with the exception of
P3 ASCs cells) – for P0 and P1 this interaction is among CR-HT-TR, while for P2 this interaction is
among CR-ET-TR, while for P3 this interaction is among CR-ET-TR and CR-HT-TR and finally for
P4 cells this interaction is among ET-HT-TR.

Note that the interaction effect among CR-ET-HT

is not significant at 99% CL for any of the cell passages (the only 3 parameter interaction that is
not significant for even one passage of ASCs cells). This result is quite intriguing, as the effect of
CR-ET was found to be significant for all cell passages (Table 3.3) and suggests that HT seems to
be the least significant of the 4 thermal parameters investigated in the present study (in the
range chosen for each parameter). It is possible that increasing HT from 15 min to hours or
even days might result in a decrease in post thaw cell membrane integrity for P2, P3 and P4
cells (note that these cells have a negative EHT; see Table 3.2) and an increase in the post thaw
cell membrane integrity of P0 and P1 cells (note these cells have a positive EHT; see Table 3.2).
However, further studies are clearly needed. It is also important to note that the results in the
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present study are obtained during freezing of ASCs cells in the presence of 10% DMSO as a
cryoprotectant (CPA). Future studies are clearly needed to understand the effect of choice and
concentration of CPAs (for example, glycerol, methanol are other commonly used CPAs) on the
post thaw cell membrane integrity of ASCs cells as well as extending the hold time to days or
weeks (from the 15 minutes used in the present study).
3.4 CONCLUSIONS
In conclusion, this study is a first attempt to understand and delineate the various
complex interactions between thermal parameters during a freezing process and post thaw cell
membrane integrity of ASCs cells at various passages. Depending on the passage of ASCs cells,
different thermal parameters are found to significantly impact the measured post-thaw cell
membrane integrity.

The results obtained in the present study will form the basis for a

rigorous and rational design of optimal freezing protocols for ASCs cells, in
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CHAPTER 4
FREEZING AND POST-THAW APOPTOTIC BEHAVIOR OF CELLS IN THE
PRESENCE OF PALMITOYL NANOGOLD PARTICLES1

4.1 INTRODUCTION
Successful cryo-therapeutic procedures for biological cells and tissues will impact a wide
range of human endeavors, including assisted reproductive techniques, cancer recovery and
rehabilitation procedures, organ storage and transplantation processes and conservation of
endangered species.
The aim of the present study is to examine the potential cryobiological applications of
commercially available nanoparticles, NPs (Palmitoyl Nanogold®, Nanoprobes, Yaphank, NY).
Gold NPs have been widely used for analytical and biomedical applications for many years. For
an excellent review of gold nanoparticles and their applications, the interested reader is
referred to Daniel and Astruc (Daniel and Astruc 2004). Palmitoyl gold nanoparticles have been
used to label and visualize lipid vesicles and cell membranes (Brewer et al., 2004) yet their
direct effect on membrane permeability and thus cryostability remains unknown.

The

palmitate functionality on these nanoparticles may serve as an anchor to membranes similar to
the fatty acylated domains of amphitrophic proteins that regulate membrane function (Resh
1999). In addition to specific chemistries, the heat conducting aspects of metallic nanoparticles
have been shown to influence targeted freezing in cryosurgical procedures (Yu et al., 2005).
Because the modes of cryoprotectant action can vary from alteration of physical properties of
1

This chapter was published in the following citation: S. Thirumala, J.M Forman, W.T. Monroe and R.V. Devireddy. Freezing
and Post-Thaw Apoptotic Behavior of Cells in The Presence of Palmitoyl Nanogold Particles. Nanotechnology. 18:
195104 (2007). IOP Publishers (www.iop.org/journals/nano)
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the freezing media to the direct changes in the cell membrane properties, we presumed that
NPs could act as benign replacement for toxic organically based CPAs.
During freezing of cells in suspensions, ice forms initially in the extra-cellular space.
Depending on the imposed cooling rate, the two main biophysical processes during freezing will
then occur: i.) cellular dehydration associated with the loss of intracellular water, or ii.)
intracellular ice formation (IIF) associated with the nucleation of ice crystals within the
intracellular space. Water transport has been extensively investigated in single cells using
standard cellular microscopy (Diller 2005) and more recently, a differential scanning
calorimetric (DSC) technique (Devireddy et al., 1998; Thirumala et al., 2003; Thirumala et al.,
2005).
In the present study, we utilized the DSC technique to assess the water transport
response during freezing of HeLa and Jurkat cells with and without NPs. These two cell lines
were chosen as examples of an adherent (HeLa) and a suspension (Jurkat) cell, each of which is
well-characterized, widely used, and commonly frozen in various laboratories. In the interest of
completeness, we also present water transport responses during freezing of these cells in the
presence of DMSO, a commonly used CPA. By fitting a well established model of water
transport to the measured water transport response we determined the membrane
permeability (water transport) parameters during freezing of HeLa and Jurkat cells in the
absence of CPAs, in the presence of DMSO and in the presence of NPs. The experimentally
determined membrane permeability parameters were incorporated into a recently developed
generic optimal cooling rate equation (Thirumala and Devireddy 2005) and used to predict the
optimal cooling rates for cryopreservation of the two cell types studied. Based on the predicted
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optimal cooling rates, three cooling rates were chosen to investigate the post-thaw behavior of
HeLa and Jurkat cells frozen and thawed in the presence and absence of DMSO and NPs.
There exists substantial evidence in literature that ‘apoptosis’ could be a possible
contributing factor in cryopreservation failure.

For example, it has been reported that

apoptotic cell death occurs in cells exposed to subfreezing temperatures (Mathew 1997;
Hollister 1998). Therefore, in addition to analyzing the immediate post-thaw survival, we have
also analyzed the post-freeze apoptotic response of the HeLa cells (for reasons, described later,
Jurkat cells were not used in these apoptotic studies). Post thaw experiments were based on
propidium iodide (PI)-uptake and the detection of the early apoptosis event, phosphatidylserine
(PS) translocation (Koopman 1994) using a flow cytometric annexin V apoptosis assay (Pena et
al., 2003).
4.2 THEORETICAL BACKGROUND
A model for water and solute transport in response to chemical potential gradients
based on irreversible thermodynamics has been proposed by Kedem and Katchalsky that
consists of two differential equations which describe the water and CPA flux across the
membrane (Kedem and Katchalsky 1958). If the flux of CPA is negligible in comparison to the
flux of water, and assuming that water is essentially the only species transported at subzero
temperatures, the Kedem-Katachalsky model reduces to a water transport model, as proposed
by Mazur (Mazur 1963) and later modified by Levin et al. ( Levin et al., 1976). The water
transport model of Mazur can be further modified to incorporate the presence of CPAs as:
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where R is the universal gas constant; Vcell is the cell volume; Vb is the osmotically inactive cell
volume; A is the constant cell surface area; T is the absolute temperature; T R is the reference
temperature (273.15 K); B is the cooling rate (°C/min); v w is the molar specific volume of
water; vcpa is the specific molar volume of CPA; ncpa is the number of moles of CPA;  s is the
dissociation constant for salt in water (=2); n s is the number of moles of salt initially inside the
cell; H f is the latent heat of fusion of water; Lp is the permeability of the plasma membrane
to water.

The permeability of the plasma membrane to water, Lp , is assumed to be a

function of temperature and concentration of solute, CPA and water, and is given as (Levin
1976):
 E Lp (cpa) 1 1 
L p  L pg (cpa)exp 
  


R
T TR 


(2)

where Lpg (cpa ) is the permeability of the cell membrane to water at T R = 273.15K;

and E Lp (cpa) is the apparent activation energy for the process. Model assumptions include


membrane-limited transport, with negligible temperature and pressure differentials across the


plasma membrane, the external solution in equilibrium with extracellular ice, and an
approximately ideal internal solution (Devireddy et al., 1998; McGrath 1998, Smith et al., 1998;
Toner 1993).
4.3 MATERIALS AND METHODS
4.3.1: Culture and Isolation of HeLa and Jurkat Cells
HeLa cells (human epithelial carcinoma cells, American Type Culture Collection) were
maintained in 25-cm2 flasks (BD Falcon, Franklin Lakes, NJ) with 5 mL of Dulbecco’s Modified
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Eagle’s medium-reduced serum (DMEM-RS) supplemented with 3% fetal bovine serum (FBS)
and incubated at 37 ºC in a humidified atmosphere containing 5% CO2. Jurkat T lymphocyte
cells (E6.1, ATCC) were maintained in 25-cm2 flasks (BD Falcon, Franklin Lakes, NJ) with 5 mL of
HyQ® RPMI-1640-reduced serum medium (RPMI-RS) supplemented with 3% fetal bovine serum
(FBS) and also incubated at 37 ºC in a humidified atmosphere containing 5% CO 2. HeLa cells
were plated at a density of 80,000 cells/cm2 in 12-well culture plates (BD Falcon, Franklin Lakes,
NJ) and were allowed to adhere and grow for 24 hours prior to trypsinization (0.25% trypsin)
and resuspension in Opti-MEM® serum-free medium for differential scanning calorimeter (DSC)
and controlled rate freezer (CRF) experiments. Opti-MEM was chosen as a reduced protein
medium for cell treatments to minimize potential for NP-serum protein interactions that could
block potential cryobiological effects. Jurkat cells were resuspended in Opti-MEM to a density
of ~1x106 cells/mL in 12-well culture plates (BD Falcon, Franklin Lakes, NJ) for treatment prior
to being transferred to sterile eppendorf tubes for the DSC and CRF experiments.
Six separate DSC water transport experiments were conducted for HeLa and Jurkat cells
in the absence of any CPAs, in the presence of a permeating CPA, dimethylsulfoxide (DMSO;
10%, v/v) and in the presence of NPs (Palmitoyl Nanogold) for incubation times of either 5 min
or 180 min. While 180 min is longer than a typical CPA pre-freeze treatment, this extended
incubation of nanoparticles and cells was chosen to ensure their complete association, based
on typical durations for nanogold labeling procedures (Hainfeld and Powell 2000). All samples
used in the experiments had concentration of cells ranging from 0.5 to 1 x 10 6 cells/ml.
For DSC experiments in the absence of CPAs, HeLa cells were washed, harvested by
trypsinization, concentrated by centrifugation at 400 g for 5 min, re-suspended to ~20 µl in
85

Opti-MEM and placed on ice. For DSC experiments in the presence of CPA, cells were treated in
an identical manner as above except that the cell pellet was resuspended in stock CPA solution
(10% v/v DMSO; Irvine Scientific) and equilibrated for 10 min. Osmolarity of the CPA media
was measured to be 1685 mOsm which includes ~1400 mOsm of DMSO (Vapro® Vapor Pressure
Osmometer, Wescor Inc). And finally, for DSC experiments in the presence of NPs, 300
nanomoles of nanogold particles (Palmitoyl Nanogold®, Nanoprobes, Yaphank, NY) were first
dissolved in 50µl of DMSO as DMSO is a commonly used organic solvent to enhance the
solubility of hydrophobic nanoparticles in aqueous solutions (Balakin et al., 2006).

The

DMSO+NP mixture was then added to 50 ml of Opti–MEM to create a uniform stock solution
containing 3.6 x 1015 nanoparticles/ml of Opti-MEM. The addition of DMSO to the Nanogold
resulted in ~0.001% DMSO concentration in the final Opti-MEM+NPs solution and was
presumed to have a negligible effect. For 3-hr NPs treatment, concentrated HeLa cells were resuspended in the NPs solution and then plated in a 12-well for 3 hr in the incubator before
harvesting for the DSC experiments. For the 5 min NPs treatment the concentrated cell pellet
was re-suspended in NPs solution for 5 min before being used in the DSC experiments. The
osmolarity measurements of the NPs solution ranged from 285 to 290 mOsm (Vapro Vapor
Pressure Osmometer) and were essentially similar to the osmolarity measurements of OptiMEM solution. This suggests that the presence of NPs did not change the osmolarity of the NPs
freezing medium.
4.3.2: DSC Experiments
The DSC experiments to measure the water transport in HeLa and Jurkat cells were
performed as reported in earlier studies on other cell systems (Diller 2005; Devireddy et al.,
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1998; Thirumala et al., 2003; Thirumala et al., 2005a; Yuan and Diller 2001; Devireddy et al.,
2004; Thirumala et al., 2006). Briefly, the heat release measurements of interest are qdsc and
q(T)dsc , which are the total and fractional differences between the heat releases measured by

integration of the heat flows during freezing of osmotically active (live) cells in media, qinitial
and during freezing of osmotically inactive (dead) cells in media, q final (i.e. qdsc = qinitial

-

q final ; q(T)dsc = q(T)initial  q(T) final ). This difference in heat release has been shown to be
related to cell volume changes in several biological systems as:



V (T )  Vi 

q(T ) dsc
 Vi  Ve 
q dsc

(3)

The unknowns needed in Eqn. (3) apart from the DSC heat release readings are V i (the initial cell
volume) and Ve (the end or the final cell volume). The cell geometry and the inactive cell
volume (Vb) of HeLa and Jurkat cells were determined at constant room temperature by using a
light microscope (Nikon Eclipse TS100) equipped with METAVIEW software (see Results and Fig
4.1).
4.3.3: Biophysical Parameter Estimation
The biophysical parameters for water transport were then estimated using a non-linear
regression algorithm as previously reported (Thiruamala et al., 2003; Thirumala et al., 2005;
Thirumala et al., 2006). The experimentally measured water transport data at 20 ºC/min for
both cell types were compared to theoretically predicted curves (Eqns. 1 and 2) , and the
biophysical parameters of water transport, Lpg and ELp

(or Lpg[cpa] and ELp[cpa]), were

iteratively adjusted until the chi-squared variance, 2, was minimized (or a goodness of fit
parameter R2 was maximized: a value of 1 representing a perfect fit while a value of 0
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represents a flawed fit) using a gradient search method as described in Bevington and Robinson
(Bevington and Robinson 1994). All reported parameters were obtained for curve fits with a
variance 2 < 10-3 or an R2 > 0.99.
4.3.4: Theoretical Prediction of Optimal Cooling Rates
Thirumala and Devireddy (Thirumala and Devireddy 2005) reported that for a variety of
biological systems a comparison of the published experimentally-determined values of Bopt (in
˚C/min) agreed quite closely with the value obtained using a Generic Optimal Cooling Rate
Equation that defines:

Bopt  1009.5 e

(0.0546ELp )

 A 
 (L pg )   c 
Vo  Vb 

(4)

In this equation, Lpg and ELp (or Lpg[cpa] and ELp[cpa]) represent the membrane permeability
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(in µm-1) represents the ratio of the available surface area for water transport (Ac) to the initial
volume of intracellular water (Vo – Vb). Once the cell level parameters Lpg and ELp (or Lpg[cpa]
and ELp[cpa]) are determined using the curve-fitting procedure described above, we utilized
Eqn. (4) to predict the optimal rates of freezing HeLa cells.
4.3.5: Freeze/Thaw Experiments
All reagents for cell culture were purchased from HyClone Laboratories, Inc. (Logan, UT),
unless otherwise stated. Annexin V-FITC/PI kit was purchased from Molecular Probes (Eugene,
Oregon).

Staurosporine was purchased from CalBiochem (EMD BioSciences, Darmstadt,

Germany). HeLa and Jurkat cell culture and treatments for freeze/thaw experiments were
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same as mentioned previously for DSC experiments except that, after centrifugation, the cell
pellet was resuspended in 0.5 mL of the appropriate cryopreservation or nanoparticle solutions
in a 1.5 mL sterile eppendorf tube (USA Scientific, Ocala, FL) and were arranged on to a 1.5 ml
tube rack (Stackarack for 1.5 ml tube, USA Scientific). All freezing experiments were carried
out using a programmable controlled rate-freezing (CRF) machine (Planer Series Kryo 560-16, TS
Scientific, Perkasie, PA). The tube cluster was loaded into the cryo-machine (which was
precooled to 4 ºC) and kept for 1 min for equilibration. The samples were then cooled to an end
temperature of –80 ºC at three freezing rates: 1 ºC/min, 22 ºC/min, and 34 ºC/min (these
cooling rates were chosen based on the predicted optimal rates of cooling; see Table 4.1).
Using the procedures described earlier by Thirumala et al. (Thirumala et al., 2005), the actual
cooling rate imposed by the CRF on the sample was within 5% of 1 ºC/min and within 10% of 22
ºC/min and 34 ºC/min. Because the CRF machine used in this study was limited to a controlled
thawing/warming rate of 40 ºC/min, the thawing rate 200 ºC/min was obtained by removing
the tube rack from the CRF machine and quickly bringing the tubes into contact with a warm
water bath maintained at 37 ºC (Thirumala et al., 2005, Thirumala et al., 2006).
The thawed samples were then centrifuged, re-suspended in appropriate culture media,
and seeded in separate wells of a 12-well plate for an 18-hr incubation period at 37 ºC.
Unfrozen cell controls of HeLa and Jurkat cells were also carried out for each experimental
condition to determine if there were any cellular effects due to the 10% DMSO (10 min), 5-min
NP, and 3-hr NP treatments alone. Following the treatment, the cells were resuspended in
fresh medium and plated in a 12-well plate. After 18 hr, the unfrozen cell controls and the
thawed samples were analyzed by brightfield mircroscopy and flow cytometry.
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4.3.6: Brightfield Phase-Contrast Microscopy
Following the 18-hr recovery period, HeLa and Jurkat cells were imaged by brightfield
phase-contrast microscopy at 20x magnification. Images were acquired with an inverted
Eclipse TS100 Nikon fluorescence microscope and a CoolSnapFX camera (Photometrics, Tucson,
AZ). Image processing was performed using MetaVue software (Universal Imaging Corporation,
West Chester, PA).
4.3.7: Cell Viability and Apoptosis/Necrosis Assessment
A well-established annexin V apoptosis assay was analyzed by quantitative flow
cytometry (Pena et al., 2003). This assessment was carried out only for HeLa cells, as the Jurkat
cells treated in similar fashion to the HeLa cells exhibited significant adherence to the cell
culture plate (see Results).

As a chemically-induced apoptotic control, HeLa cells were

incubated in fresh medium enriched with 0.25 M staurosporine. For a necrotic control, HeLa
cells were incubated for 18 hours in fresh medium with 2 mM hydrogen peroxide. The notreatment control consisted of HeLa cells treated in fresh medium, free from inducing agents.
For each treatment, detached and attached cells were pooled, harvested by trypsinization
(0.25% trypsin), washed with 200 L of culture medium, and resuspended in 100 L of 1X
annexin-binding buffer (included in annexin V-FITC/PI kit). 100 L of HeLa cell suspension was
mixed with 5L of annexin-V-FITC and 1 L of 100 g/mL propidium iodide (PI) and incubated in
the dark at room temperature for 15 minutes. Liquid volume was removed by centrifugation
and aspiration, and the cells were resuspended by gentle vortexing in 300 L of 1X annexinbinding buffer to be analyzed on the flow cytometer. Apoptosis analyses for HeLa cells were
performed on a FACS Caliber flow cytometer (BD Biosciences, San Jose, CA) utilizing 488-nm
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laser excitation and fluorescence emission at 530 nm (FL1) and >575nm (FL3). Forward and
side scatter measurements were made using linear amplification, and all fluorescence
measurements were made with logarithmic amplification. A total of 1,100 to 20,000 cells per
sample were acquired using Cell Quest software (BD Biosciences, San Jose, CA), and data
samples were analyzed using WinMDI 2.8 software (by Dr. J. Trotter, Scripps Institute, La Jolla,
CA).
Apoptosis is characterized by phosphatidylserine (PS) translocation from the inner
leaflet to the outer leaflet of the lipid bilayer, while the cell membrane remains intact. Annexin
V-positive cells correspond to cells that have experienced PS translocation. PI staining of the
cells indicates that the integrity of the cell membrane has been compromised and is used to
distinguish living and early apoptotic cells from necrotic cells. The fluorescent dotplots show
three cell populations: live (annexin V-FITC-negative/PI-negative), necrotic (annexin V-FITCpositive/PI-positive), and apoptotic (annexin V-FITC-positive/PI-negative). Quadrant analysis
was performed on the gated fluorescence dotplot to quantify the percentage of live, necrotic,
and apoptotic cell populations. The quadrant was placed according to the no treatment control
and 2 mM H2O2 necrotic control (the representative reference dotplots with quadrants are
shown in the “supplementary data”).
4.3.8: Statistical Analysis
All values are indicated as mean ± SEM. Student’s t-test was employed, with p ≤ 0.05
considered to be significant. Each “n” replicate was composed of a single well and treatment in
which 1,100 to 20,000 cell events were analyzed and each experiment was conducted in
triplicate.
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Figure 4.1: The Boyle-van’t plot showing the resulting volume changes of the HeLa (Fig
4.1A) and Jurkat cells (Fig 4.1B) when the cells were exposed to several external
osmolalities (0.3, 0.6, 1.5, 2.25 and 3.00 Osm/kg) at a constant temperature (~27 ºC). The
required osmolalities were achieved by diluting 10x D-PBS (3.00 Osm/kg) with distilled
water (~0.0 Osm/kg). The filled circles represent the average volumetric data. The dark line
is a linear curve (assumes the cells behave as ideal osmometers) when extrapolated to
infinite osmolality, results in an osmotically inactive cell volume, V b, of 0.45Vo for HeLa
cells and 0.52Vo for Jurkat cells. The inverse of the osmolality is plotted along the x-axis
and the normalized volume is plotted along the axis. The error bars represent the standard
deviation in the data (for each point n = 60 to 75 cells).
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4.4 RESULTS
4.4.1: Cell Geometry and Osmotically Inactive Cell Volume (Vb)
The trypsinized HeLa cells were found to have an initial diameter of 15  1.5 m (n =
15), and the Jurkat cell diameter was measured to be 12  1.1m (n = 15). The corresponding
initial isotonic volume, Vo, is ~1767 µm3 for HeLa cells and 905 µm3 for Jurkat cells. Osmotically
inactive cell volume of HeLa and Jurkat cells was determined by the use of Boyle-van’t plot
which plots equilibrium cell volume as the dependent variable and the inverse of the external
osmolality as the independent variable, see Fig 4.1.
A critical assumption in Boyle van’t Hoff analysis is the inhibition or suppression of
active compensatory processes by which cells readjust their volume during their passive
osmotic water transport (Lucke and McCutcheon 1932; Wehner 2003). In Fig 4.1, the filled
circles represent the average cell volume data from the bright field image analysis, and the
error bars represent the standard deviations in the measurements. A linear curve was fit to the
measured cell volume at various external osmolalities. Extrapolating the linear fit to the vertical
axis, corresponding to an infinite external osmolality, resulted in an osmotically inactive cell
volume of 0.45Vo for HeLa cells and 0.52Vo for Jurkat cells. Note that the presence of DMSO in
the intracellular compartment increases the osomotically inactive cell volume of HeLa cells to
~0.53Vi and Jurkat cells to ~0.59Vi. Based on the HeLa and Jurkat cell dimensions measured, the
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ratio of 


 is 0.727 µm-1 for HeLa cells (using Vb = 0.45Vo) and 1.04 µm-1 for Jurkat cells


(using Vb = 0.52Vo).
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4.4.2: Freezing Response of HeLa Cells
Fig 4.2 shows the water transport data and simulation for HeLa cells using the best fit
parameters in Eqn. (1) at a cooling rate of 20 ºC/min in a medium containing no CPAs (Fig 4.2A),
DMSO as CPA (Fig 4.2B) and incubated with NPs for 5 min (Fig 4.2C) and 3 hr (Fig 4.2D). The
dynamic portion of the cooling curve (region where the initial and final heat release
thermograms are distinct and separate) was found to be between –0.6 ºC to –12 ºC with no
CPAs or with NPs2, while it was between –3.1 ºC and –21 ºC with DMSO. The model simulated
equilibrium cooling response (equilibrium is achieved at each temperature when the internal
and external osmotic pressures are equal) is also shown as reference as dotted line (---------).
The HeLa cell membrane permeability values that best fit the water transport data in the
absence and presence of DMSO and NPs are shown in Table 4.1. The theoretically predicted
optimal cooling rate values obtained using Eq. 4 for freezing HeLa cells are also given in Table
4.1; the optimal cooling rate for HeLa cells in the absence of CPAs is ~31 ºC/min, in the media
containing 10% DMSO is ~22 ºC/min and in the media containing NPs is ~21 º/min (for both 5
min and 3 hr incubation times).
The water transport data (see Fig 4.2) obtained in the presence of NPs is significantly
different (>99% confidence level using the student’s t-test) from the water transport response
of HeLa cells in the presence of DMSO. Additionally, the water transport response of HeLa cells
obtained in the presence of DMSO is also significantly different than the response obtained in
the absence of DMSO, albeit at a lower confidence level of 95%. There is no significant-

2

As stated earlier we have experimentally verified, using a vapor pressure osmometer, that the presence of NPs does not
significantly impact the osmolality of the freezing media (and hence the phase change temperature in the presence of NPs is
assumed to be –0.6 ºC).
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Figure 4.2: Volumetric response of HeLa cells as a function of subzero temperatures obtained using the DSC technique at
20 ºC/min in the absence of CPAs (Fig 4.2A), in the presence of DMSO (Fig 4.2B), in the presence of NPs with 5 min
incubation (Fig 2C) and in the presence of NPs with 180 min incubation (Fig 4.2D). The measured volumetric response is
shown as filled circles where as the model-simulated dynamic cooling response at 20 ºC/min is shown as a solid line and
was obtained by using the best-fit membrane permeability parameters (Lpg and ELp or Lpg[cpa] and ELp[cpa]) in the water
transport equation (Eqns. 1 and 2). The simulated equilibrium cooling response is also shown, for reference, as a dotted
line (---------). The nondimensional volume is plotted along the y-axis while the subzero temperatures are shown along the
x-axis. The error bars represent the standard deviation for the mean values of six separate DSC experiments (n = 6).
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Table 4.1: Predicted subzero membrane permeability parameters (the reference
membrane permeability in the absence and presence of CPAs, Lpg or Lpg[cpa], and
activation energy in the absence and presence of CPAs, ELp or ELp[cpa]) and optimal rates of
freezing for HeLa and Jurkat cells. Note that the goodness of fit, R2 value was always
greater than > 0.99.

Cell Type
(Vb)

HeLa cells
(0.45Vo)

Jurkat cells
(0.52Vo)

Freezing
Media

Lpg or Lpg[cpa]
(µm/min-atm)

ELp or ELp[cpa]
(kcal/mole)

No CPA

0.08

10.9

30.6

10% DMSO

0.08

16.7

22.4

Nanoparticles
(5 min incubation)

0.23

37.4

21.0

Nanoparticles
(3 hr incubation)

0.19

33.8

21.1

No CPA

0.05

9.5

33.7

10% DMSO

0.06

17.4

24.0

Nanoparticles
(5 min incubation)

0.16

35.9

22.3

Nanoparticles
(3 hr incubation

0.13

33.3

20.8

Bopt
(oC/min)

difference between water transport behavior of HeLa cells incubated with NPs for either 5 min
versus 3 hr.
4.4.3: Freezing Response of Jurkat Cells
Fig 4.3 shows the water transport data and simulation for Jurkat cells using the best fit
parameters in Eqn. (1) at a cooling rate of 20 ºC/min in a medium containing no CPAs (Fig 4.3A),
DMSO as CPA (Fig 4.3B) and incubated with NPs for 5 min (Fig 4.3C) and 3 hr (Fig 4.3D). The
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Figure 4.3: Volumetric response of Jurkat cells as a function of subzero temperatures obtained using the DSC technique at
20 ºC/min in the absence of CPAs (Fig 4.3A), in the presence of DMSO (Fig 4.3B), in the presence of NPs with 5 min
incubation (Fig 4.3C) and in the presence of NPs with 180 min incubation (Fig 4.3D). The measured volumetric response is
shown as filled circles where as the model-simulated dynamic cooling response at 20 ºC/min is shown as a solid line and
was obtained by using the best-fit membrane permeability parameters (Lpg and ELp or Lpg[cpa] and ELp[cpa]) in the water
transport equation (Eqns. 1 and 2). The simulated equilibrium cooling response is also shown, for reference, as a dotted
line (---------). The nondimensional volume is plotted along the y-axis while the subzero temperatures are shown along the
x-axis. The error bars represent the standard deviation for the mean values of six separate DSC experiments (n = 6).
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dynamic portion of the cooling curve was found to be between –0.6 ºC to –10 ºC with no CPAs,
–0.6 ºC to –12 ºC with NPs, and it was between –3.1 ºC and –21 ºC in the presence of DMSO.
The simulated equilibrium cooling response is shown as a dotted line (---------). The Jurkat cell
membrane permeability values that best fit the water transport data in the absence and
presence of DMSO and NPs are shown in Table 4.1. The theoretically predicted optimal cooling
rate values obtained using Eq. 4 for freezing Jurkat cells are given in Table 4.1; the optimal
cooling rate for Jurkat cells in the absence of CPAs is ~34 ºC/min, in the media containing 10%
DMSO is ~24 ºC/min and in the media containing NPs is ~22 º/min (for both 5 min and 3 hr
incubation times).
Similar to the measured water transport response of HeLa cells, the water transport
data obtained for Jurkat cells in the presence of NPs was significantly different (>99%
confidence level using the student’s t-test) from the water transport response in the presence
of DMSO. Also, the water transport response of Jurkat cells in the presence of DMSO was
significantly different than the response obtained in the absence of DMSO, albeit at a lower
confidence level of 95%. No significant difference in water transport response was observed
when Jurkat cells were incubated either 5 min or 3 hr, a behavior similar to that observed with
HeLa cells. And finally, the equilibrium cooling response or the volumetric shrinkage response
of HeLa and Jurkat cells cooled infinitely slowly, was significantly different (>99% confidence
level using the student’s t-test) from the dynamic water transport data obtained at 20 ºC/min
for both cell types (shown in Fig 4.2 and Fig 4.3).
Fig 4.4 shows the contour plots of the goodness of fit parameter (R2 = 0.96) in the Lpg
and ELp (or Lpg[cpa] and ELp[cpa]) space that “fit” the measured water transport data for HeLa
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Figure 4.4: Contour plots of the goodness of fit parameter R2 (= 0.96) for water transport response in HeLa (Fig 4.4A) and
Jurkat (Fig 4.4B) cells in the absence of CPAs, in the presence of DMSO and NPs. The common region corresponds to the
range of parameters that “fit” the water transport data for different media with R2 ≥ 0.96. Note that the “best fit”
parameters shown in Table 1 are also shown in both the Figs as either “#” (with DMSO), or “o” (without DMSO or NPs), or
“$” (cells incubated with NPs for 3 hr) or “*” (cells incubated with NPs for 5 min). The membrane permeability at 0 ˚C, Lpg
(or Lpg[cpa] ) (m3/Ns) is plotted on the y-axis while the apparent activation energy of the membrane, ELp (or ELp[cpa])
(kJ/mole) is plotted on the x-axis.
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and Jurkat cells in the four media investigated. Any combination of Lpg and ELp (or Lpg[cpa] and
ELp[cpa]) shown to be within the contour will “fit” the water transport data in the specified
freezing media with an R2 value > 0.96. Note that for both the HeLa and Jurkat cells the best fit
parametric space obtained in the absence of DMSO or NPs is almost completely enclosed by
that obtained in the presence of NPs. This suggests that the water transport parameters
obtained in the absence of DMSO or NPs could predict the water transport response of the
HeLa and Jurkat cells in the presence of NPs quite accurately, while the converse is not true.
4.4.4: Post-Thaw Viability and Apoptotic Response
As stated earlier, we have performed several controlled rate freezing (CRF) experiments
on different treatments of HeLa and Jurkat cells. As shown in Table 1, the predicted optimal
cooling rates for HeLa and Jurkat cells can be broadly classified into two ranges: ~20 to 24
ºC/min in the presence either DMSO or NPs and ~30 to 34 ºC/min in the absence both DMSO
and NPs. Thus, for the CRF experiments, we have chosen two cooling rates 22 ºC/min and 33
ºC/min along with an additional slow cooling rate of 1 ºC/min. It was assumed that 22 ºC/min
was optimal for both HeLa and Jurkat cells treated with either DMSO or NPs and 33 ºC/min was
optimal for cells treated with only Opti-MEM and finally 1 ºC/min was presumed to be a
damaging cooling rate for all treatments of HeLa and Jurkat cells.
The controlled rate freezing experiments were performed as detailed earlier in the
methods section. Fig 4.5 shows the morphology of the HeLa cells incubated for 18 hours postthaw and illustrates the state of the cells after freezing in different media. The images are for
HeLa cells cooled to -80 ºC at 22 ºC/min and thawed back to 37 ºC at 200 ºC/min and incubated
for 18 hours. The unfrozen control (Fig 4.5A) shows attached HeLa cells with normal
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Figure 4.5: 18-hr post-thaw phase-contrast images (20x) of: Fig 4.5A - Control or unfrozen HeLa
cells; Fig 4.5B - HeLa cells frozen in 10% DMSO at 22 ºC/min, and Fig 4.5C - HeLa cells incubated
with NPs for 5 min and cooled at 22 ºC/min. Scale bar represents 25 µm.

morphology as expected. The image of 10% DMSO-treated HeLa cells (Fig 4.5B) shows
that a substantial amount of cells have attached and survived the freeze-thaw protocol while
there is only cellular debris and floating necrotic cells in the case of the 5 min NP treatment (Fig
4.5C). When the typically non-adherent Jurkat cells were treated with either no CPA, DMSO, or
NPs in Opti-MEM, they adhered to the culture plate. Despite strenuous efforts, we were
unable either through enzymatic or mechanical means to disassociate and collect these
adherent Jurkat cells. Hence Jurkat cells were not available for analysis of apoptosis through
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Figure 4.6: Characteristic cytometer scatterplots and fluorescence dotplots showing Fluorescence-activated cell
sorting (FACS) analysis of cell death after freezing determined by annexin V staining and PI-uptake for HeLa cells
cooled at 22 ºC/min: Fig 4.6A - Scatterplot for HeLa cells frozen in the presence of 10% DMSO; Fig 4.6B Fluorescence dotplot for HeLa cells frozen in the presence of 10% DMSO; Fig 4.6C - Scatterplot for HeLa cells
incubated with NPs for 5 min; and Fig 4.6D - Fluorescence dotplot for HeLa cells incubated with NPs for 5 min.
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Table 4.2: Effect of different treatments with non-frozen and assay controls on resulting
percentages of necrotic, live, and apoptotic HeLa cells according to the annexin V apoptosis
assay protocol. Experiments were performed in triplicate, and data are expressed as mean
± SEM.
Non-frozen Controls

% Necrotic
(± stdev)

% Live
(± stdev)

% Apoptotic
(± stdev)

No CPA

0.9  0.1

89.5  1.3

6.0  0.9

10% DMSO

2.0  0.6

87.6  2.2

6.5  0.8

5min NP

1.2  0.3

87.0  3.0

5.9  0.8

3hr NP

3.5  1.4

81.7  4.4

10.23  2.7

Live (Untreated Control)

1.7  0.5

86.9  2.3

6.4  1.4

Necrotic (H2O2 Treated)

51.3  10.7

6.2  2.3

8.7  3.4

Apoptotic (Staurosporine Treated)

10.6  2.8

48.9  5.7

19.4  2.6

Assay Controls

the flow cytometry assay. Therefore, all post-thaw behavior was assessed only for HeLa cells.
Characteristic scatter and fluorescence dotplots are shown in Fig 4.6 for HeLa cells cooled at 22
˚C/min to –80 ºC. The scatterplot for HeLa cells frozen in the presence of 10% DMSO (Fig 4.6A)
reveals a homogenous cell population. The scatterplot for HeLa cells treated with NPs for 5 min
and then frozen (Fig 4.6C) reveals an increase in cell fragments as indicated by the appearance
of the population with low forward scatter (FSC) and low side scatter (SSC).
Additionally, the increase in internal granularity (increase in SSC) reveals the
deteriorating physical condition of HeLa cells frozen with NPs (Fig 4.6C). The fluorescence
dotplot for HeLa cells frozen in the presence of 10% DMSO (Fig 4.6B) shows a majority of the
cells are in the lower left quadrant (annexin V-/PI-), which corresponds with the live cell
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population. Conversely, the fluorescence dotplot for HeLa cells treated with NPs for 5 min and
then frozen (Fig 4.6D) shows a majority of the cells are either in the lower right quadrant
(annexin V+/PI-, apoptotic) or in the upper right quadrant (annexin V+/PI+, necrotic). This
population quadrant analysis was performed on all of the experimental treatments to obtain
quantitative information on the condition of the cells following the freeze-thaw protocol
described earlier (Fig 4.7).
After the 18-hr incubation period following the freeze-thaw experiment, the
percentages of necrotic, live, and apoptotic HeLa cells were determined (Fig 4.7). No significant
difference was found among the unfrozen controls (Table 2); indicating that treatment with
10% DMSO or nanoparticles alone was not cytotoxic. The percentage of live, necrotic and
apoptotic HeLa cells are shown for the four treatments and the three cooling rates investigated:
live (Fig 4.7A), necrotic (Fig 4.7B) and apoptotic (Fig 4.7C). There was no significant difference
in the post-thaw survival of 10% DMSO treatments at the three cooling rates studied (Fig 4.7A).
This result is not surprising since the HeLa cell line is a robust, widely-used immortalized cell
line that laboratories commonly store frozen in liquid nitrogen. McGrath et al. (McGrath, 1975)
reported similar data indicating no statistically significant difference in the survival of HeLa cells
cooled to –20°C at rates of 5, 20 and 30°C/min.
HeLa cells treated with NPs for 5 min and then cooled at 1 ºC/min had significantly more
apoptotic cells (75 ± 1.5%) when compared to apoptotic cells at the faster cooling rates of
either 22 ºC/min (44 ± 5.3%) or 33 ºC/min (36 ± 7%). Interestingly, for HeLa cells treated with
NPs and then frozen, we observed a significant increase in the percentage of necrotic cells
accompanied by a corresponding decrease in the percentage of apoptotic cells, when the
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Figure 4.7: 18-hour post-thaw comparison of the percentage of live, necrotic and apoptotic
HeLa cells are shown for the four treatments and the three cooling rates investigated: live (Fig
4.7A), necrotic (Fig 4.7B) and apoptotic (Fig 4.7C). The error bars represent the standard error
in the data. The horizontal bars denoted with asterisks (*) represent statistically significant
differences between similar treatments. The bold horizontal bars above 10% DMSO data in all
the panels represents a significant difference from the corresponding data obtained for the
other 3 treatments.
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cooling rate is increased from 1 to 22 ºC/min. In the absence of cryopreservative agents, the
percentage of apoptotic HeLa cells significantly decreases as the cooling rate increases from 1
ºC/min (71 ± 2.1%) to 33 ºC/min (41 ± 2.8%). This suggests that the mechanism of cell death for
the slower rate (1 ºC/min) differs from the faster cooling rates in which there is a reduced
percentage of apoptotic cells. Conversely, HeLa cells treated with NPs for 3 hr and then frozen,
exhibited a significantly higher survival at 34 ºC/min (12 ± 2.1% live) compared to 1 ºC/min (4 ±
0.4%). HeLa cells treated with 10% DMSO and then frozen were found to have significantly
higher percentages of surviving cells at all three cooling rates when compared to the other
treatments (see Fig 4.7). Although, a cursory examination of Fig 4.7A might suggest an
improved post-thaw viability for cells cooled at 34˚C/min in the presence of NPs (5 min
incubation) and also in the absence of CPAs. However, a closer examination of the data
revealed that this seemingly significant improvement in post-thaw cell viability was actually not
statistically significant.
And finally, for the 10% DMSO treatments, 20,000 cell events were collected for all
freezing rates; however, in the absence of DMSO and NPs, fewer cell events were collected
(ranging from 1,100 to 11,000) which is an indication of cell rupturing and increased cellular
debris following the freeze-thaw protocol. Based on the quantitative post-thaw data, there are
no significant differences between cells treated with nanoparticles and in the absence of CPAs,
which suggests that the nanoparticles do not provide any significant cryoprotective function to
HeLa cells at the concentration of NPs used and freeze-thaw rates studied here.
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4.5 DISCUSSION
In order to determine the water transport parameters and optimal cooling rates across
cellular treatments in this study, cell dimensions and inactive cell volumes of HeLa and Jurkat
cells were obtained in this study. The cell diameter values for HeLa (~15 m) and Jurkat (~12
m) obtained in the present study are comparable to those reported in the literature; ~14 to 16
m for HeLa cells (Deman and Bruyneel 1977; Nair 1981) and ~10 to 13 m for Jurkat cells
(Rosenbluth et al., 2006). Conversely, a lower average diameter value of the order of ~ 8m
was reported by Chen et al. (Chen et al., 2004) for Jurkat cells while a higher average diameter
of ~20 m was reported by Morrill and Robbins (Morrill and Robbins 1984) for HeLa cells. The
inactive cell volume for the Jurkat cell obtained in this study (~0.52V o) is comparable to a
published value of 0.48Vo (Reuss et al., 2004). However, there is significant difference between
the measured value of inactive cell volume of HeLa cells (~0.45V o) in our experiment and the
published value of Vb =0.21Vi by Morrill and Robbins (Morrill and Robbins 1984). These
variations in cell size and hence the inactive cell volumes might be due to the growth conditions
employed for HeLa cells at different laboratories (Masters 2002).
There was a significant increase in the measured values of reference membrane
permeability, Lpg (or Lpg [cpa]) and activation energies ELp (or ELp [cpa]) obtained in the presence
NPs when compared with the corresponding values obtained in their absence for both HeLa
and Jurkat cells (see Table 4.1). Interestingly, there are no significant differences in the
permeability values obtained in the presence of DMSO and in the absence of DMSO and NPs for
both HeLa and Jurkat cells (Table 4.1). However, there was a considerable increase in the
measured activation energy values in the presence of DMSO and in the absence of DMSO and
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NPs. For both HeLa and Jurkat cells, the time of incubation (either 5 min or 3 hr) with NPs did
not show any marked effect on the water transport behavior and thus, there are no significant
differences (<17%) in the Lpg (or Lpg [cpa]) and ELp (or ELp [cpa]) values in the presence and
absence of NPs (Table 4.1).
As stated earlier, the best-fit permeability parameters and the measured 
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values were incorporated into Eq. (4) to predict the optimal rates of freezing for both HeLa and
Jurkat cells (Table 1). It should be noted that, in the development of Eq. (4) the dynamics and
kinetics of IIF have not been included (Toner 1993). Thus, if IIF occurs between –5 and –20 ºC,
then potentially even more water will be trapped in the HeLa and Jurkat cells than predicted by
water transport alone and the optimal cooling rates obtained using Eq. (4) are overestimated.
An examination of the optimal cooling rates reveals that despite significant differences in the
water transport behavior and hence the permeability parameters obtained in the presence of
NPs versus DMSO, the optimal cooling rates are statistically similar, if not exactly the same, for
both HeLa and Jurkat cells. However, for both cell types, the optimal cooling rate measured in
the absence of NPs or DMSO is significantly higher (30-40%). This is somewhat surprising, as the
presence of CPAs are expected to increase the ability of the cell membrane to dehydrate at
faster cooling rates (Smith et al., 1998). However a similar decrease in the predicted optimal
cooling rates in the presence of CPAs was observed in canine spermatozoa (Thirumala et al.,
2003), adipose tissue derived adult stem cells (Thirumala et al., 2005) and in striped bass sperm
cells (Thirumala et al., 2006).
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An interesting phenomenon observed in this study was the atypical behavior of lymphocytic
Jurkat cells adhering to the culture plate when they were incubated in Opti-MEM and treated
with NPs or DMSO. Results from MTT viability assays suggest that these cells are metabolizing
and thus alive (data not shown). There are no published reports of Jurkat cells adhering to
substrates other than specific ligands (e.g., fibronectin) or stimulated endothelial cells. A
distinct possibility for the adherent behavior of Jurkat cells could be due to possible stimulating
factors present in Opti-MEM and the surface treatment of the culture plate. This is somewhat
supported by the observed behavior of Jurkat cells frozen and incubated in the absence of
CPAs. However, there are several published reports of Jurkat cells cultured in Opti-MEM that
do not exhibit this adherent behavior (Fatok at al., 2000; Sanders et al., 2000; Cui et al., 2003;
Bischof 2006). Further understanding is needed to evaluate the Jurkat cell adhesion observed
here and to distinguish between competing or complementary modes of the substrate-media in
stimulating adhesion.
As shown in Fig 4.7 and described earlier, NPs do not seem to provide any significant
cryoprotective function to HeLa cells at the concentrations and freeze-thaw rates investigated
in the present study. We have postulated several likely reasons for NPs not showing any
cryoprotection. Firstly, the concentration of the NPs used in this study was lower than
necessary to achieve some measurable cryoprotective effect. A thorough review of the
literature suggests that cryoprotection by high molecular mass materials like polymers, is
feasible only at very high concentrations. These non-permeable polymeric CPA solutions act on
a colligative basis and tend to have increasingly high viscosities at lower temperatures and form
glasses readily at high temperatures by kinetically slowing down the ice crystal growth to zero
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(Connor and Ashwood-Smith 1973; Farrant 1969). Moreover, all CPAs showing some
cryoprotection do share a common characteristic of freezing-point depression (FPD) (Fuller
2004; Bischof 2006). FPD of polymers show a marked deviation from the linear relationship and
increase dramatically at high concentrations. In our experiments with 10% NPs we observed
essentially zero FPD, and the NP solution behaved like an isotonic solution. Conversely, a recent
study suggested that the use of 10% polyvinylpyrrolidone (PVP) as CPA dramatically increased
post-thaw survival of porcine primary adipocytes more than that could be achieved with 10%
DMSO as the sole CPA (Li et al., 2006). Further studies are clearly needed to reconcile these
disparate observations.
A second explanation for the minimal cryopreservative effect from NPs is that the water
transport model for determining optimal cooling rates may not accurately predict the water
transport across the cell membrane when the freezing medium contains NPs. This suggests that
further modifications and corrections might be needed to the water transport model (Eqns. 1
and 2), to enable it to accurately reflect cell freezing behavior in the presence of NPs. For the
purposes of this study, the use of the standard water transport model (Eqns. 1 and 2) was
deemed to be sufficient.

However, efforts are currently underway in our laboratory to

elucidate the necessary modifications to the water model and to further it’s use in the presence
of NPs.
And finally, the palmitoyl NPs might not posses any cryoprotective action at lower
temperatures and in fact might be having the opposite effect. For example, the post-thaw
apoptotic response of HeLa cells indicates that the presence of NPs induces a significant
increase in apoptosis at low freezing rates (1 ˚C/min) when compared to higher freezing rates
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(Fig 4.7). As stated earlier, an increase in the cooling rate from 1 ˚C/min to 22 ˚C/min was
accompanied with a significant increase in % necrotic HeLa cells treated and frozen with NPs.
This striking result does suggest that NPs could be effective as an adjuvant to cryodestructive
procedures.

Interestingly, the presence of NPs significantly increased the percentage of

apoptotic cells cooled at 1 ˚C/min (Fig 4.7), a cooling rate that is similar to those experienced at
the outer edges of a cryosurgical iceball where cell survival is typically the highest. However, it
is important to note that a comparison of the % of apoptotic cells found when HeLa cells are
frozen in the absence of CPAs and NPs is comparable to that obtained for HeLa cells frozen in
the presence of NPs (Fig 4.7) at the three cooling rates investigated and the volume fraction of
NPs. As shown in Table 4.2, in the absence of freezing temperatures, the presence of NPs
during incubation was not cytotoxic and further encourages the use of palmitoyl NPs for in vivo
applications. Similar non-cytotoxic nature of gold nanoparticles, when incubated with human
fibroblasts, was also reported by de la Fuente et al. (de la Fuente et al., 2006).
Our observations suggest that the gold NPs used in our study are interacting with HeLa
cells by some physiochemical means and are inducing apoptosis during the freeze-thaw
process. This encourages the possibility of using gold NPs in a cryodestruction procedure and is
supported by recent studies demonstrating that nanoparticles can potentially enhance and
control thermal therapy outcomes through adjuvant (drug) delivery, tomographic visualization
and inductive heating within the body (Bischof 2006). Since maximizing the killing effect of
cryosurgery has been an important task both for clinical practice and for fundamental research,
the association of apoptosis with NPs at low temperatures observed in the present study is of
direct relevance for cryosurgical applications.
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4.6 CONCLUSIONS
The aim of this study was to evaluate the freezing response of HeLa and Jurkat cells in
the presence of commercially available nanoparticles, NPs (Palmitoyl Nanogold®, Nanoprobes)
and a commonly used cryoprotective agent, DMSO. By fitting a model of water transport to the
experimentally determined volumetric shrinkage data, the membrane permeability parameters
were obtained. A generic optimal cooling rate equation was then used to predict the optimal
rates of freezing HeLa and Jurkat cells in the presence and absence of DMSO and NPs. To
further investigate the predicted optimal cooling rates, the cells were cooled at three controlled
freezing rates in the presence and absence of DMSO and NPs using a commercially available
controlled rate freezer. The post-thaw viability and apoptotic response of treated HeLa cells
were evaluated after 18 hr post-thaw incubation time. Jurkat cells demonstrated an increase in
their adhesive properties after treatment and remain adhered to the culture plate, preventing
their flow cytometric analysis. For HeLa cells, the post-thaw results show that the presence of
NPs increased the measured post-freeze apoptotic response at 1 ˚C/min when compared to
higher cooling rates and suggests a possible therapeutic use of NPs in cryodestructive
procedures.
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CHAPTER 5
EVALUATION OF POLYVINYLPYROLLIDONE (PVP) AS A
CRYOPROTECTANT FOR ADIPOSE DERIVED STEM CELLS (ASCs)

5.1 INTRODUCTION
Human adipose tissue provides a uniquely abundant and accessible source of adult stem
cells. In response to chemical, hormonal or structural stimuli, these adipose-derived adult stem
cells (ASCs) can differentiate along multiple lineage pathways, including adipocytes,
chondrocytes and osteoblasts (Vogel 2000; Gimble et al., 2003; Gimble et al., 2004). Successful
cryopreservation of scientifically and commercially important ASCs could revolutionize tissue
engineering and regenerative medicine industry.

In general, freezing storage requires the

addition of a class of chemicals denoted as cryoprotective agents (CPAs) and their extensive use
is based on the serendipitous observation by Polge and co-workers (Polge 1969) that sperm
cells were able to survive freezing in the presence of a chemical (glycerol) and did not survive
the freezing process in its absence. There is considerable divergence across the classes of
organic molecules that possess some CPA activity, ranging from low molecular weight solutes
(permeating chemicals) like dimethyl sulfoxide (DMSO) and glycerol, to sugars like sucrose, and
trehalose, to high molecular weight polymers (non-permeating) like polyvinylpyrollidone (PVP)
and hydroxyl-ethyl-starch (HES) (Lovelock 1954; Connor and Ashwood-Smith 1973). However
majority of these CPAs possess relatively low efficiencies and very few of them are effective in
preserving nucleated cells7. Moreover, many of the permeating CPAs are chemicals, and
though they are widely used in cryopreservation procedures, the associated osmotic damage
and toxicity during their addition and removal limits the safe (allowable) amount, and therefore
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limits the cryoprotective efficiency of the freezing media. These drawbacks associated with
permeating CPAs led us to investigate alternative freezing media for the cryopreservation of
ASCs, i.e. develop or test the efficacy of freezing media without permeating CPAs such as
DMSO.
A systematic study on the use of HES in erythrocyte freezing has been conducted by
Sputtek and colleagues (Sputtek and Sputtek, 2004) and showed them to be highly effective.
However, Conner and Ashwood-Smith (Conner and Ashwood-Smith 1973) showed that these
high molecular weight CPAs, although

found to be most effective in red blood cell

cryopreservation, in fact possess limited efficacy when used as the sole CPA with nucleated
cells. Intriguingly, when used in combination with other permeating CPAs such as DMSO, these
high molecular weight CPAs have been shown to make a significant positive contribution to the
success of a freezing protocol (Sputtek, and Sputtek 2004). Farrant (1969) advocated that these
high molecular weight polymers, such as PVP, exhibit enhanced colligative properties at higher
concentrations and hence protect cells by lowering the external salt concentrations in a manner
similar to low molecular cryoprotectants. Mazur (1970) proposed that polymeric CPAs prevent
denaturing of the membranes due to high solute (salt) solutions at low temperatures either by
preventing seeding (nucleation) of the super-cooled water inside the cells or by coating the
temperature/salt concentration sensitive plasma membranes. In yet another study, Williams
(1983) suggested that the cryoprotective efficiency of polymers resides in their ability to alter
the physical properties of solutions during freezing rather than directly protecting and altering
the cell membrane characteristics.
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Unfortunately, it is still a common practice to add animal serum to the culture media as
a source of nutrients and other ill-defined factors – a practice that exists to this day, despite
scientific and technical disadvantages to its inclusion, its high cost, and the increasing
availability of serum-free alternatives. Obviously, for in vivo clinical use, the elimination of
animal serum proteins and all possible sources of infectious diseases such as hepatitis, human
immunodeficiency virus (HIV) and bovine spongiform encephalopathy (BSE) is a prerequisite
(van der Valk et al., 2004). Therefore, it is necessary to replace serum as a supplement in
culture/freezing media used for cryopreserving ASCs12. In contrast to animal sera, the use of an
autologous serum for supplementation eliminates the risk of infectious diseases completely. A
disadvantage, however, is that the production of autologous serum is a costly process and
requires a preoperative blood donation by the patient (van der Valk et al., 2004). As a
replacement for animal serum and to overcome the disadvantages of autologous serum, it is
also possible to use human serum albumin in cryopreservation of human tissue. However, the
risk of transmission of infectious diseases is not completely eliminated and the production of
human serum albumin implies a major capital outlay (Reuther et al., 2006). Therefore efforts
need to be made to reduce, and preferably remove, serum (animal and human) in freezing
(cryopreservation) media.
The objective of this study was to test the hypothesis that ASCs can be effectively
cryopreserved and stored in liquid nitrogen using a freezing medium containing (PVP) as the
CPA instead of DMSO. To this end we investigated the post-freeze/thaw viability and apoptotic
behavior of Passage 1 (P1) ASCs cryopreserved in fifteen different media: (i) the traditional
media containing Dulbecco’s Modified Eagle Medium (DMEM) with 80% Fetal Calf Serum (FCS)
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and 10% DMSO, (ii) DMEM with 80% Human Serum (HS) and 10% DMSO, (iii) DMEM with
various concentrations (1, 5, 10, 20 and 40%) of PVP as the sole CPA; (iv) DMEM with PVP (5, 10
and 20%) and HS (10%); (v) DMEM with PVP (5, 10 and 20%) and FCS (10%); and (vi) DMEM
with PVP (10%) and FCS (40 and 80%). The thawed samples were analyzed by brightfield
microscopy and flow cytometry to determine the % of viable, necrotic and apoptotic cells.
Adipogenic and osteogenic differentiation behavior of the frozen thawed cells was also
assessed using histochemical staining and optical density measurements and the expression of
adipogenic, osteogenic associated genes was analyzed using reverse-transcription polymerase
chain reaction (RT-PCR). Our results suggest that post-thaw ASC cell viability, adipogenic and
osteogenic differentiability can be maintained even when they are frozen in the absence of
serum and with 10% PVP in DMEM.
5.2 MATERIALS AND METHODS
5.2.1: Isolation, Collection and Culture of ASCs
All human protocols were reviewed and approved by the Pennington Biomedical
Research Centre Institutional Review Board.

Unless otherwise stated, all reagents were

obtained from Sigma Chemicals (St. Louis, MO). Subcutaneous adipose tissue liposuction
aspirates from three patients were provided by plastic surgeons in Baton Rouge, LA. These,
tissue samples (100 to 200 ml) were washed 3-4 times in phosphate buffered saline (PBS) prewarmed to 37˚C, suspended in PBS supplemented with 1% bovine serum albumin and 0.1%
collagenase (Type I, Worthington Biochemicals, Lakewood, NJ), and digested with gentle
rocking for 45-60 min at 37˚C. The digests were centrifuged for 5 min at 1200 rpm (300x g) at
room temperature, re-suspended, and the centrifugation step repeated. The supernatant was
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aspirated and the pellet re-suspended in stromal medium (DMEM high glucose, 10% fetal
bovine serum, 100 units penicillin/ml, 100µg streptomycin/ml, and 25µg amphotericin/ml). The
cell suspension was plated at a density equivalent to 0.125 ml of liposuction tissue per sq cm of
surface area, using a 35 ml volume of stromal medium per T225 flask. Cells were cultured for
48 hrs in a 5% CO2, humidified, 37˚C incubator. At which time, the adherent cells were rinsed
once with pre-warmed PBS and the cells fed with fresh Stromal Medium. The cells were fed
with fresh stromal medium every 2-3 days until they reached approximately 75-80%
confluence. The medium was then aspirated; the cells were rinsed with pre-warmed PBS, and
harvested by digestion with 0.05% trypsin solution (5-8 ml per T225 flask) for 3 to 5 min at 37˚C.
The cells were suspended in Stromal Medium, centrifuged for 5 min at 1200 rpm (300x g), the
pellet re-suspended in a volume of 10 ml of stromal medium, and the viable cell count
determined by trypan blue exclusion. These cells were identified as Passage 0 (P0). The
remaining cells were seeded in T225 flasks at a density of 5 x 103 cells per sq cm. The cells were
maintained in culture and passaged as described above to obtain Passage 1 (P1) ASCs, and are
the cells used in this study.
5.2.2: Preparation of Freezing Solutions and Freezing (& Thawing) Experiments
The CPAs used were: PVP (average molecular weight: 40,000) and DMSO (average
molecular weight: 78.14). The PVP was autoclaved at 121˚C for 30 min before being added to
DMEM. The DMEM-PVP solutions (PVP concentration ranging from 1 to 40%) were prepared by
dissolving weighted PVP in DMEM at room temperature and the solutions were then stored
overnight at 4˚C to obtain a homogeneous preparation. PVP concentrations above 40% were
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not used as the DMEM-PVP solutions become highly viscous and impossible to handle/transfer.
Thus, PVP concentrations above 40% could not be (and were not) investigated.
For the freezing experiments, P1 ASCs were suspended at a concentration of 106
cells/mL and equilibrated for ~10 min in the appropriate freezing media. The cell preservation
fluid along with the cells was then dispensed in 2ml cryovials and frozen overnight to –80°C in
an ethanol-jacketed closed container, and subsequently stored in liquid nitrogen for further
two weeks. Prior to the brightfield microscopy and the flow cytometric analysis, individual
cryovials of cells were rapidly thawed in a 37˚C water bath (1 to 2 minutes of agitation), resuspended in the stromal culture media and seeded into the separate wells of a 6-well plate for
a 24h incubation period at 37˚C.
5.2.3: Cell Viability and Apoptosis/Necrosis Assessment
A well-established annexin V apoptosis assay was analyzed by quantitative flow
cytometry (Pena et al., 2003). As a chemically-induced apoptotic control, ASCs were incubated
in fresh medium enriched with 40µM Etoposide. For a necrotic control, ASCs were incubated
for 24 hours in fresh medium with 5mM hydrogen peroxide (H2O2). The no-treatment control
consisted of ASCs treated in fresh medium, free from inducing agents. For each treatment,
detached and attached cells were pooled, harvested by trypsinization (0.25% trypsin), washed
with 200µL of culture medium, and re-suspended in 100µL of 1x annexin-binding buffer
(included in annexin V-FITC/PI kit). Approximately 100µL of the cell suspension was mixed with
8µL of annexin-V-FITC and 8µL of 100 µg/mL propidium iodide (PI) and incubated in the dark at
room temperature for 15 minutes.

Liquid volume was removed by centrifugation and

aspiration, and the cells were re-suspended by gentle vortexing in 300µL of 1X annexin-binding
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buffer to be analyzed on the flow cytometer. Apoptotic analyses for ASCs were performed on a
FACS Caliber flow cytometer (BD Biosciences, San Jose, CA) utilizing 488-nm laser excitation and
fluorescence emission at 530 nm (FL1) and >575nm (FL3).

Forward and side scatter

measurements were made using linear amplification, and all fluorescence measurements were
made with logarithmic amplification. A total of 20,000 cells per sample were acquired using
Cell Quest software (BD Biosciences, San Jose, CA).
Apoptosis is characterized by phosphatidylserine (PS) translocation from the inner
leaflet to the outer leaflet of the lipid bilayer, while the cell membrane remains intact. Annexin
V-positive cells correspond to cells that have experienced PS translocation. PI staining of the
cells indicates that the integrity of the cell membrane has been compromised and is used to
distinguish living and early apoptotic cells from necrotic cells. The fluorescent dotplots show
three cell populations: live (annexin V-FITC-negative and PI-negative; annexin V− and PI−)
necrotic (annexin V-FITC-positive and PI-positive; annexin V+ and PI+), and apoptotic (annexin VFITC-positive and PI-negative; annexin V+ and PI−). Quadrant analysis was performed on the
gated fluorescence dotplot to quantify the percentage of live, necrotic, and apoptotic cell
populations. The quadrants positions were placed according to the no treatment control and 5
mM H2O2 necrotic control.
5.2.4: In vitro Multilineage Differentiation
Frozen/thawed ASCs were analyzed for their capacity to differentiate along the
adipogenic and osteogenic lineage using the methods described below. Cell cultures of ASCs
cryopreserved in 80% serum (either human serum or animal serum) with 10%DMSO in DMEM
were used as controls. For adipogenic differentiation, frozen thawed ASCs were cultured in
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stromal media to at least 90% confluence. Adipogenesis was induced by adipogenic induction
media consisting of stromal media supplemented with 1% antibiotic/antimycotic, 33μM Biotin,
17μM Pantothenate, 1μM Insulin, 1μM Dexamethasone, 0.5mM IBMX, 5 μM Rosiglitazone (AK
Scientific, Mountain View, CA). After 3 days of induction, media was converted to adipogenesis
maintenance media (identical to the induction media except for the omission IBMX and
Rosiglitazone) and cells were fed 3times per week (Halvorsen et al., 2001). After 14 days of
maintenance, the adipogenic differentiation was confirmed histologically using the Oil Red O
stain as an indicator of intracellular lipid accumulation. Briefly, the differentiated cells were
washed with PBS for 3-4 times and fixed for 10min in 10% formalin and stained with 30% Oil
Red O reagent for 60 min at room temperature. Excess stain was removed by washing with
distilled water and photographs were taken of a representative field for each condition. In
order to quantify the adipogenesis, Oil Red O staining was eluted by 100% isopropanol and the
spectrophotometric absorbance of the elution was quantified at 510 nm (Bunnell et al., 2008).
Blank wells (without cells) were stained with dye and rinsed in the same manner; these values
were subtracted from the experimental data points to control for the stain retention by the
walls of the well.
For osteogenesis, the differentiation was induced after culturing frozen thawed ASCs
for 3 weeks in osteogenic media consisting of stromal media supplemented with 10mM
dexamethasone, 50mg/mL ascorbate-2-phosphate, 10mM 1,25 (OH)2 vitamin D3 and 1M ßglycerophosphate (Bunnell et al 2008). To determine the osteogenic potential of frozen-thawed
ASCs to mineralize ECM, cells were fixed in 70% ice-cold ethanol and stained with 2% Alizarin
Red solution (pH adjusted to 4.1-4.3) for 60min at room temperature. To quantify the calcium
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content deposited in ECM, the stain was eluted with 10% cetylpyridinium chloride for 30 min at
room temperature16 and the optical density of the solubilized stain was measured at 540 nm
using a micro spectrophotometer .
5.2.5: Extraction of Total RNA and RT-PCR Analysis
Total RNA was extracted from cells using TRI-Reagent according to the manufacturer’s
instructions (Molecular Research Center, Cincinnati, OH). Cells cultured in adipogenic media
were harvested 14 days after induction and cells cultured in osteogenic media were harvested
21 days after induction. Cell cultures of ASCs cryopreserved in 80% serum (either animal or
human) with 10% DMSO in DMEM were used as controls. Four osteoblastic-associated genes
(Osteonectin (OSN), Osteocalcin (OCN), Osteopontin (OPN), and ALP) and four adipogenic
associated genes (Adiponectin, aP2, PPARγ2, LPL, and PGC1a) were analyzed in this study (see
Table 1). Real time PCR was performed in a final reaction volume of 10µl, including forward and
reverse primers (0.1mM), 1.5µg reverse-transcribed RNA, and 5µl SYBR green master mix
(Applied Biosystems, Warrington, UK) using an ABI Prism 7900 instrument (Applied Biosystems,
Foster City, CA). Each assay was performed in triplicate.
5.2.6: Statistical Analysis
All values are indicated as mean ± SEM. Student’s t-test was employed, with p≤0.05
considered to be significant. ASCs derived from separate individuals were used for each
replicate. Cryopreservation experiments and flow cytometry analysis were repeated six times.
For flow cytometry analysis, each “n” replicate was composed of a single well and treatment in
which ~20,000 cell events were analyzed and each experiment was conducted in triplicate. For
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Figure 5.1: Characteristic flow cytometer fluorescence dotplots showing Fluorescence-Activated Cell Sorting (FACS) analysis of
ASCs frozen/thawed in the presence various concentrations (1, 5, 10, 20 and 40%) of PVP in DMEM. Figures 5.1A, 5.1B, 5.1C,
5.1D, and 5.1E represent 1, 5, 10, 20 and 40% PVP in DMEM, respectively. The fluorescent dotplots show three cell populations:
live (annexin V-FITC-negative and PI-negative; annexin V− and PI−) necrotic (annexin V-FITC-positive and PI-positive; annexin V+
and PI+), and apoptotic (annexin V-FITC-positive and PI-negative; annexin V+ and PI−). The quadrants positions were placed
according to the no treatment control and 5 mM H2O2 necrotic control (see text for further details).
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Table 5.1: The % of viable, apoptotic, and necrotic ASCs obtained using FluorescenceActivated Cell Sorting (FACS) analysis for cells frozen in 10% DMSO in DMEM media with
either 80% Fetal Calf Serum (FCS) or 80% (Human Serum, HS). The % of viable, apoptotic,
and necrotic ASCs obtained FACS analysis are also shown for untreated (unfrozen,
controls), apoptotic control (treated with 40 µM of Etoposide per ml of cell culture media)
and necrotic control (5 mM of hydrogen pereoxide, H2O2).
%Viable
(± stdev)

%Apoptotic
(± stdev)

%Necrotic
(± stdev)

Media with Serum
80% HS with 10% DMSO in DMEM

82.5 ( 8.3)

5.8 ( 3.9)

8.3 ( 3.3)

80% FCS with 10% DMSO in DMEM

84.1 ( 7.7)

5.7 ( 2.8)

7.5 ( 3.7)

Assay Controls
Live (Untreated, unfrozen control)

80.2 ( 2.2)

7.3 ( 0.4)

8.6 ( 0.8)

Apoptotic (Etoposide treated)

56.1 ( 8.5)

18.2 ( 1.4)

20.7 ( 3.5)

Necrotic (H2O2 treated)

8.8 ( 2.8)

14.5 ( 6.2)

75.0 ( 3.4)

adipogenic and osteogenic differentiation analysis, the staining and gene marker analysis were
performed with three replicates.
5.3 RESULTS
As described earlier, the use of PVP with concentrations ranging from 1 to 40% as the
sole CPA in DMEM on the post-freeze/thaw viability, apoptotic and necrotic response of ASCs
was assessed using flow cytometry. Characteristic flow cytometer fluorescence dotplots for
ASCs frozen-thawed with different concentrations of PVP as determined by annexin V staining
and PI-uptake are shown in Fig. 5.1. The ﬂuorescence dotplots for cells frozen in the presence
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of 1% and 40% PVP (Figs. 5.1A and 5.1E) show a majority of the cells are in the upper right
quadrant (annexin V+ and PI+) which corresponds to necrotic cell population. Between 1 and
40% PVP, the number of cells present in the lower left quadrant (annexin V− and PI−), which
corresponds to live cell population, initially increases and then decreases with maximum
number of live cells at 10% PVP (Figs. 5.1B, 5.1C and 5.1D). Similar population quadrant
analysis was performed on all other experimental treatments to obtain quantitative
information on the condition of the cells following the freeze–thaw process (See Tables 5.1 to
5.3).
The post-thaw results obtained from the most routinely used cryopreservation media,
either 80% fetal calf serum (FCS) with 10%DMSO in DMEM or 80% human serum (HS) with 10%
DMSO in DMEM, were used as controls. The post-thaw behavior of cells frozen obtained using
this traditional cryopreservation media is shown in Table 5.1. The viability of ASCs
cryopreserved in the control media containing 80% serum with 10%DMSO in DMEM was
~83±8% (Table 5.1). Presumably, this routinely used cryopreservation media produces
maximum viability; therefore, this data was used as a control to compare with the data
obtained from the freezing media supplemented with PVP. The control data also suggests that
the choice of the serum (human or animal) does not alter the ASC survival when frozen/thawed
in DMSO and DMEM (Table 5.1). Additional data from assay experiments (unfrozen cells,
apoptotic control treated with Epotoside, necrotic cells treated with H2O2) are also shown in
Table 5.1.
As shown in Table 5.2 and Fig 5.2, the viability of ASCs frozen in PVP and DMEM
resembles an inverted U-shape (with 10% PVP being optimal). The use of 1% and 40% PVP in
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Table 5.2: The % of viable, apoptotic, and necrotic ASCs obtained using FluorescenceActivated Cell Sorting (FACS) analysis for cells frozen in DMEM media with varying
concentrations (1, 5, 10, 20 and 40%) of PVP.
% of PVP in DMEM

%Viable
(± stdev)

%Apoptotic
(± stdev)

%Necrotic
(± stdev)

1

5.7 ( 0.5)

23.2 ( 1.7)

64.5 ( 8.5)

5

49.3 ( 8.0)

21.0 ( 0.7)

22.6 ( 6.3)

10

64.9 ( 9.6)

12.7 ( 2.6)

15.3 ( 5.7)

20

55.5 ( 11.0)

9.4 ( 2.3)

26.6 ( 4.7)

40

4.6 ( 1.3)

5.0 ( 2.2)

75.0 ( 6.8)
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Figure 5.2: 24-hour post-thaw comparison of the percentage of live, necrotic and apoptotic
ASCs are shown for various PVP treatments investigated. The error bars represent the standard
error in the data. The horizontal bars denoted with asterisks (*) represent statistically
significant differences between similar treatments. The symbol above the bar () represents a
significant difference from the corresponding data obtained for the other three PVP
treatments. For example, in case of % viability, the 1% and 40% PVP treatments are
significantly connected with 5, 10 and 20 but not mutually.
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DMEM caused a dramatic loss in cell viability (~5%) where as the use of 10% PVP produced a
maximum viability of ~65% (Table 5.2). Although the viability of ASCs decreased when the % of
PVP was increased from 10 to 20, the data analysis revealed that this increase is statistically not
significant (95% confidence level). A similar but opposite trend was observed for the % of cells
exhibiting necrosis. As expected, based on the viability response, the % of necrotic ASCs
showed a U-shaped response with increasing concentration of PVP. ASCs treated with 1 and
40% PVP treatments were found to have a significant amount of necrotic cells (~65 to 75%)
when compared to other treatments (~15 to 27%). Intriguingly, the percentage of apoptotic
cells decreased from ~23% to ~5% as the concentration of PVP in DMEM was increased from 1
to 40%.
Table 5.3 and Fig 5.3 show the post-freeze response of ASCs frozen at three
concentrations (5, 10 and 20%) of PVP supplemented with either 10% FCS or 10% HS in DMEM.
The addition of serum to the freezing media increased the % of viable ASCs by ~4 to 9% when
compared with the values obtained in their absence (see Tables 5.2 and 5.3 and Fig 5.3).
However, a closer examination of the data revealed that this improvement in the post-thaw cell
viability was not statistically significant (95% confidence level). Similarly, the variations in the
measured values of apoptotic and necrotic cells obtained in the presence of HS or FCS with PVP
and DMEM when compared with the values obtained with just PVP in DMEM are also not
statistically significant (95% confidence level).
To further analyze the effect of increasing the % of serum in the media with PVP, we
have repeated the cryopreservation experiments with 10% PVP as CPA in the presence of 40%
and 80% fetal calf serum (FCS). Fig. 4 shows the viability, apoptotic and necrotic response of P1
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Table 5.3: The % of viable, apoptotic, and necrotic ASCs obtained using Fluorescence-Activated
Cell Sorting (FACS) analysis for cells frozen in DMEM media with varying concentrations (5, 10
and 20%) of PVP with either 10% of Human Serum (HS) or with 10% Fetal Calf Serum (FCS).
%Viable
Cells ( stdev)

%Apoptotic
Cells ( stdev)

%Necrotic
Cells ( stdev)

85% DMEM +10% HS + 5% PVP

53.2 ( 8.7)

17.6 ( 2.6)

25.5 ( 5.7)

80% DMEM +10% HS + 10% PVP

72.1 ( 8.1)

9.2 ( 0.5)

11.1 ( 5.2)

70% DMEM +10% HS + 20% PVP

61.8 ( 12.5)

10.8 ( 4.2)

24.5 ( 6.0)

85% DMEM +10% FCS + 5% PVP

55.4 ( 11.0)

15.4 ( 2.1)

19.3 ( 2.6)

80% DMEM +10% FCS + 10% PVP

69.2 ( 6.7)

9.3 ( 1.6)

15.0 ( 2.3)

70% DMEM +10% FCS + 20% PVP

64.3 ( 6.4)

13.2 ( 4.7)

19.6 ( 2.3)

Freezing Media
Human Serum (HS)

Fetal Calf Serum (CS)

ASCs when cryopreserved in the presence of 10% PVP and DMEM with either 0, or 10,
or 40, or 80% FCS. As seen in Fig 5.3, increasing the % of FCS from 10% to 80% did not
significantly increase the % of viable cells nor did it significantly decrease the % of necrotic or
apoptotic cells. These observations (Tables 5.2 and 5.3; Fig 5.4) indicate that the presence of
serum may not be vital to the post-thaw viability and apoptotic, necrotic response of P1 ASCs
frozen in PVP and DMEM (and in the absence of DMSO). To address whether the presence of
PVP and the absence of serum and DMSO during cryopreservation affects post-thaw adipogenic
and osteogenic differentiation in ASCs, we utilized Toluidine blue, Oil Red O and Alizarin Red to
stain

the

undifferentiated

ASCs,

adipocytes
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Figure 5.3: 24-hour post-thaw comparison of the percentage of live, necrotic and apoptotic ASCs are shown for various PVP
treatments investigated in the presence of 10% serum: live (Fig 5.3A), apoptotic (Fig 5.3B) and necrotic (Fig 5.3C). The error
bars represent the standard error in the data. The horizontal bars denoted with asterisks (*) represent statistically significant
differences between similar treatments
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Figure 5.4: 24-hour post-thaw comparison of the percentage of live, necrotic and apoptotic ASCs
are shown for various PVP treatments investigated. The error bars represent the standard error
in the data. The horizontal bars denoted with asterisks (*) represent statistically significant
differences between similar treatments. The symbol above the bar () represents a significant
difference from the corresponding data obtained for the other three PVP treatments. For
example, in case of % viability, the 1% and 40% PVP treatments are significantly connected with
5, 10 and 20 but not mutually.
As described earlier, the staining was then extracted from the differentiated cells and the
optical density (OD) at the appropriate wavelength was determined. The P1 ASCs after 14 days
of adipogenic induction and 21 days of osteogenic induction displayed morphological features
consistent with adipogenesis or osteogenesis from control (unfrozen) cells (data not shown).
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Figure 5.5: Representative phase contrast photomicrographs of P1 ASCs cultured under
untreated (Figs 5.5A, 5.5B and 5.5C), adipogenic (Figs 5.5D, 5.5E and 5.5F), or osteogenic (Figs
5.5G, 5.5H and 5.5I) conditions. Adipogenic cultures were stained with oil red O 14 days after
induction while osteogenic cultures were stained with alizarin red after 21 days of culture. Figs.
5.5A, 5.5D, 5.5G represent cells that were cryopreserved in media containing 80% HS with 10%
DMSO in DMEM. Figs. 5.5B, 5.5E, 5.5H represent cells that were cryopreserved in media
containing 80% FCS with 10% DMSO in DMEM. Figs. 4C, 4F, 4I represent cells that were
cryopreserved in media containing 0% FCS with 10% PVP in DMEM.
Representative photomicrographs in Fig. 5.5, show undifferentiated ASCs stained
positive with toluidine blue (Figs. 5.5A, 5.5B, 5.5C), adipocytes stained positive with Oil Red O
(Figs. 5.5D, 5.5E, 5.5F) and mineralized (osteoblast) cultures stained positive with Alizarin Red
(Figs. 5.5G, 5.5H, 5.5I). Our experiments showed no significant morphological differences
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Figure 5.6: Optical density of the extracted dye of ASCs cryopreserved in DMEM containing
80% FCS and 10% DMSO (unshaded columns), in DMEM containing 80% HS and 10% DMSO
(partially shaded columns), and in DMEM containing 10% PVP (shaded columns). As stated in
the text, we utilized Toluidine blue, Alizarin Red and Oil Red O to stain the undifferentiated
ASCs, differentiated osteoblasts, and differentiated adipocytes, respectively. The staining
was then extracted from the differentiated cells and the optical density (OD) at the
appropriate wavelength was determined (see text for further details).
between the cells cryopreserved in the presence of either 80% HS with 10% DMSO in DMEM
(Figs. 5.5A, 5.5D, 5.5G) or 80% FCS with 10% DMSO in DMEM (Figs. 5.5B, 5.5E, 5.5H). More
importantly, the results indicated that the adipogenic or osteogenic morphology of the cells
cryopreserved in the presence of 10% PVP in DMEM and without any serum (Figs. 5.5C, 5.5F,
5.5I) is consistent with, and no different from, the control experiments with HS (Figs. 5.5A,
5.5D, 5.5G) and with FCS (Figs. 5.5B, 5.5E, 5.5H). The quantitative optical density (OD)
measurements from the eluted stains indicated a slight decrease in the differentiation potential
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of the ASCs when cryopreserved in the presence of 10% PVP in DMEM (and in the absence of
FCS and DMSO) when compared with that obtained from cells frozen with 80% FCS and 10%
DMSO in DMEM and with cells frozen with 80% HS and 10% DMSO in DMEM (Fig. 5.6).
However, the decrease in the optical density measurement (or as it correlates to the decrease
in the differentiation ability) was statistically not significant (95% confidence level).
5.4 DISCUSSION
Prior published work has shown that serum free solutions could be designed that would
support cells and tissues at cryopreservation temperatures (Reuther et al., 2006; Merten et al.,
1995; Corsini et al., 2004; Sasaki et al., 2005). PVP has been added to slow-cooling, rapidcooling and vitriﬁcation solutions for several cellular systems (El-Shewy et al., 2004; Li et al.,
2006; Gómez-Lechón et al., 2006). However, few studies report the use of PVP as the sole
component in the cryopreservation media; but it is more commonly used as an additive, and in
conjunction, with permeating cryoprotectants like DMSO (Fuller 2004). Solutions containing
large amounts of polymers have also been used for corneal cryopreservation (Madden 1993).
Despite its widespread use as an additive in cryopreservation media, some studies do report
that PVP causes toxic damage during addition and removal (Fuller 2004; Kuleshova 2001).
Suzuki et al (2005) determined that 5% PVP had a beneﬁcial effect compared with 10% or 20%
PVP for slow freezing of germinal vesicle stage bovine oocytes. A recent study by Li et al (2006)
showed that the use fo 10% PVP as a sole cryoprotectant produced maximum survival (~95%),
as evidenced by trypan blue dye exclusion, for porcine pre-adipocytes. In our experiments,
extremely low (1%) and extremely high (40%) concentrations of PVP caused significant
reduction in the % of viable ASCs post-freeze/thaw. Obviously, this suggests that: (i) a minimal
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% of PVP is needed before it can act as a cryoprotectant; and (ii) increasing the concentration of
PVP beyond an optimum value, causes toxic damage to the cells.
Increasing the serum concentration in the cryopreservation medium has often been
shown to increase the post-thaw survival rate of cells that are difficult to preserve; serum
concentrations as high as 90% have been reportedly used (Gómez-Lechón 2006; Stevenson
2004; Freshney 2000). Our results demonstrate that the choice of serum (either animal or
human) did not alter the phenotype characteristics of frozen/thawed P1 ASCs. This valuable
observation, if found to be valid for other cells as well, should allow researchers to shift to
allogeneic serum, rather than using xenogenic serum which may contain anomalous and
infectious particles, in future cell cryopreservation experiments. However, the use of allogeneic
serum does not completely eliminate the risk of bacterial toxins and microorganisms such as
viruses, bacteria and fungi (Reuther et al., 2006). Autologous serum could be an alternative for
ASCs cryopreservation and culture. However, production of autologous serum is a painstaking
and time consuming process and the amount of autologous serum necessary for storage and
sufficient expansion of ASCs would exceed the amount a patient could safely provide (Lange et
al., 2007). Therefore complete elimination of unhealthy serum products is the best alternative
for cryopreservation storage of ASCs for future clinical applications.
The mechanism by which PVP is able to protect cells is not well known. Since the
probability of ice formation during cryopreservation plays a major role in the cell survival, the
possibility of achieving low temperature storage which avoids ice formation has been a long
time research goal. Avoiding damaging ice crystals and achieving glass transition at relatively
high temperatures is one way to improve the post-thaw cell survival (Thirumala et al., 2007). In
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our experiments the ASCs were cryopreserved by placing them overnight at –80˚C in an ethanol
jacketed container, before being transferred to liquid nitrogen. The temperature/time history
experienced by the ASCs during the freezing process as well as the associated cooling rates
(CRs) measured using a temperature data logger indicated that the ASCs experienced different
cooling rates at different time points when frozen in a media consisting of DMEM and PVP
when compared with media consisting of DMEM with DMSO and serum (data not shown).
Additionally, the cells frozen with PVP experienced significant super-cooling of the extracellular
media. Briefly, based on the measured osmolality the phase change temperature of DMEM
media containing 10% PVP is –0.6˚C. However, in our freezing experiments the phase change of
the extracellular medium in the presence of PVP occurred at –15˚C, i.e., with a significant supercooling (data not shown). This super-cooling might have resulted in the formation of damaging
ice crystals and hence the observed lower post-thaw viability of ASCs frozen with PVP and
DMEM when compared with cells frozen with serum and DMSO in DMEM (see Tables 5.1 and
5.2). This possibly deleterious super-cooling associated with the presence of PVP in the freezing
media could not be eliminated even with the addition of ice nucleating agents like
Pseudomonas Syringae (data not shown).
There are several hypothesis reported in the literature concerning polymer
cryoprotection but none are widely accepted. These hypothesis include: (i) the possibility that
high molecular weight polymers such as PVP could act colligatively and protect cells during
freezing (Fuller 2004); (ii) the coating of cell membranes by PVP has been suggested as an
alternative mechanism of polymer cryoprotection (Fuller 2004; Nash, 1966); (iii) at high
concentrations, PVP exerts considerable effects on freezing point depression of the system, in
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excess of that predicted from its molar concentrations (Fuller 2004; Farrant 1969).. Thus, the
protection offered by PVP is possibly linked to its non-ideal behavior at high concentrations in
aqueous solutions. Further work is clearly needed to elucidate the cryoprotective mechanism
of PVP and to mechanistically (biophysically) develop and optimize cryopreservation media for
ASCs as well as other cell types.
5.5 CONCLUSIONS
To the best of our knowledge, this is the first attempt to develop serum free, DMSO free
solutions for cryopreservation of ASCs. Towards this goal, we have investigated a range of PVP
concentrations on the post-thaw behavior and differentiation ability of ASCs in the absence of
any serum and DMSO. The results of this study demonstrate that the presence or absence of
serum did not significantly alter the viability of ASCs frozen with 10% PVP in DMEM. Although
the data indicates some decrease in post-thaw cell viability of ASCs cryopreserved in PVP when
compared with the values obtained for cells cryopreserved in 80% serum with 10% DMSO in
DMEM. More importantly, the ASCs frozen/thawed in the presence of PVP (and in the absence
of both DMSO and serum) displayed similar phenotype and expression patterns of surface
markers (morphology and growth/differentiation characteristics) when compared to the ASCs
cryopreserved in 80% serum with 10% DMSO in DMEM. We could, thus, hope that serum free
cryopreservation is a distinct possibility for adipose stem cell lines, in the near future; and
believe that using PVP as the sole cryoprotectant for freezing storage of ASCs could enhance
and encourage their use in a wide range of tissue engineering and regenerative medicine
problems.

135

CHAPTER 6
FABRICATION OF MULTIDIMENSIONAL CELLS SHEETS USING ADIPOSE
DERIVED STEM CELLS
6.1 INTRODUCTION
While tissue engineering has long been thought to possess enormous potential,
conventional applications using biodegradable scaffolds have limited the ﬁeld’s progress,
demonstrating a need for new methods (Yang et al., 2005). Most natural tissues are
multidimensional in construction that plays a signiﬁcant role in the mechanical and
physiological functions of these tissues. In order to generate tissue with intrinsic functions
suitable for in vivo applications, it is primarily decisive to develop a method to fabricate 3D
tissue in an in vitro or in vivo environment. Traditional tissue engineering methods have
generally focused on one of two strategies: either the injection of isolated cell suspensions or
the use of biodegradable scaffolds to support tissue formation. There has been considerable
progress in developing 3 dimensional cellularized scaffolds to fabricate various tissues including
bone, cartilage, blood vessel, nerve, liver, myocardium and many other tissues (Hubbell et al.,
1991); (Sikavitsas et al., 2002; Sittinger et al., 1996). However, most of the conventional
scaffolds do not allow sufficient cell migration to establish adequate cell–extracellular matrix
(ECM) and cell–cell interaction.
Cell seeding plays a crucial role in determining the progression of tissue formation to
establish 3 dimensional cell cultures. High density cell seeding in static and dynamic cultures
inside bioreactors are methods to improve cell seeding in scaffolds (Sistino, 2003; Martin,
2004). Since the cells located in the interior of the scaffold rely on diffusion for solute transport,
the current methods of seeding are compromised by the diminution of nutrients.
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To overcome some of the drawbacks associated with traditional scaffold based tissue
engineering, cell sheet engineering has been developed as an alternative approach for tissue
engineering by Okano’s group (Matsuda 2007; Shimizu et al., 2006; Yang et al., 2005). Cell
sheet engineering has the advantage of eliminating the use of biodegradable scaffolds. Using
temperature-responsive PIPAAm coated TCPS dishes, cultured cells were successfully harvested
as intact sheets by simple temperature changes, thereby avoiding the use of proteolytic
enzymes (Matsuda 2007; Shimizu et al., 2006; Yang et al., 2005). In a more recent study, a
novel method, using a thermoresponsive hydrogel coated on TCPS dishes, was developed for
harvesting living cell sheets (Chen et al., 2006). The hydrogel was prepared by pouring aqueous
methylcellulose blended with distinct salts on TCPS dishes at room temperature and
subsequently gelled at 37 ⁰C for cell culture. MC with a viscosity of 4000cP at 2% solution was
used to form gels at physiological temperatures (Chen et al., 2006). However, the method
developed was complicate as MC was too viscous to manipulate with and 50% drying of the
hydrogel system to achieve a gel formation temperature below 37 ⁰C was not practical in a
routine cell culture lab. In addition, the procedure described results in a non-uniform coating
and is not practicable in a standard cell culture facility. Further, the MC systems generated were
not consistently stable as the time of culture is increased.
To overcome the shortcomings associated with the earlier cell sheet engineering
technologies (N. Matsuda 2007; Shimizu et al., 2006; Yang et al., 2005; Chen et al 2006) we
have developed a modified MC-collagen hydrogel method to create cell sheets, specifically
tailored to work with ASCs. By using the method developed by Chen et al., (2006) and by
undertaking a systematic study of the thermal (gelation, degradation and swelling) properties
137

of MC solutions of varying molecular weights, salt concentration, polymer concentration, we
were able to discover the optimal composition of MC-aqueous solutions that will form gels at
experimentally viable temperatures of ~32 ˚C. A brief description of our experiments in
developing/characterizing/fabricating a hydrogel system that is suitable for cell culture and
bench-top lab experiments is provided below.
6.2 MATERIALS AND METHODS
6.2.1: Materials
Methylcellulose (MC), with the trade names of M7140, M0262 and M0512 were
obtained from Sigma Chemicals. According to the product specifications, the number-average
molecular weights of M7140, M0262 and M0512 are 15000, 41000 and 88000 respectively
(Table 5.1). Type I collagen solution (3mg/ml Ultra Pure bovine) was purchased from SigmaAldrich (Sigma Chemical Company, USA).
6.2.2: Preparation of Aqueous MC
MC solutions were formed by a dispersion technique. Briefly, approximately 1/2 of the
required volume of solvent was heated above 90 ⁰C. The MC powder was mixed with heated
solvent and agitated until all polymer particles were thoroughly wetted. The remainder of the
solvent volume, a specific dilution of stock 10X phosphate-buffered saline (PBS; Gibco Life
Technologies, USA) or H2O was added cold and the mixture was gently stirred. As the
temperature was lowered to 0C, the polymer became water-soluble, forming a clear solution.
Once the entire polymer solution was brought to 0C, light agitation was continued for 30min
and the solutions were allowed to equilibrate at 4C overnight. The following compositions of
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Table 6.1: Commercial names, molecular weights and maneagable aqueous
concentrations of methylcellulose (MC)
Methylcellulose
(MC)

Molecular
Weight

Manageable
Concentrations for
Spin Coating

M0512

88,000

4%

M0262

41,000

8%

M7140

15,000

16%

MC polymer solutions were formed. For M0512: 1, 2, 3, 4, 5 and 6% of MC in H 2O, 0.5X, 1X, 2X,
4X and 6X PBS; for M0262: 2, 4, 6, and 8% MC in H2O, 0.5X and 1.0X PBS; and finally for M7140:
2, 4, 6, 8, 10, 12, 14 and 16% MC in H2O, 0.5X and 1X PBS. For the cell-culture experiments, the
prepared MC solutions were autoclaved for 30min at 121C, 100 kPa.
6.2.3: Calorimetric Characterization of Aqueous MC Solutions
The physical gelation phenomena of aqueous MC solutions with temperature were
measured by a differential scanning calorimeter (DSC, Pyris Diamond, Perkin-Elmer, Shelton,
CT). The DSC was used to determine the transition temperatures of the prepared aqueous MC
solutions heating from 10 to 90 °C. A sample weight of 15-20µg was used for analysis and the
reference cell was ﬁlled with deionized water. A heating rate of 10C/min was used for all test
samples.
6.2.4: Preparation of the MC Hydrogel Coated TCPS Dish
The prepared aqueous MC solutions that had a gelation temperature below 37 °C were
used to coat TCPS dishes (Falcon 3653, diameter 35 mm, Becton Dickinson Labware, Franklin
Lakes, NJ). An amount of 400µl of test MC solution was poured into the center of each TCPS
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TCPS Dish
MC

Convective drying at
at 37 C

Adding MC at room
temperature

Spin coating at room
temperature

Collagen coating at
37 C

Adding cell culture
media at 37 C

Figure 6.1: Methylcellulose coating procedure for MC-collagen hydrogel system. 300-400µl of
MC was placed at the center of the dish before spin coated at a predetermined RPM for each
type of MC. High RPM was required for high molecular weight MC.
dish at room temperature (~20C). Spin coating was employed to evenly spread a thin
transparent layer of MC on the TCPS dish. Subsequently, the dish was preincubated at 37C for
1 h, and a gelled opaque MC hydrogel layer was formed on the dish.
6.2.5: In vitro Degradation, Swelling and Stability of MC Gels
The gels were constructed by spin coating 400µl of MC polymer solution to TCPS dishes,
where they were allowed to equilibrate at 37C for one hour (See Fig 6.1). 2ml of incubation
media, consisting of DMEM-F12 and 10% calf serum was added to the dishes containing gels to
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study degradation and swelling behavior. At 1, 4, 7, and 10 days of incubation, the media was
removed from the dishes and the weight of the wet gel was recorded (n=4 for each gel/media
combination). The polymer samples were then dried over night in a convective heater at 70 ⁰C,
and the remaining polymer mass was weighted. Swelling and degradation as a function of time
were quantified using the following relationships.
%Swelling (t)

=

%Degradation (t) =

Gelwei gth(t)/ Pol ymerwei ght(t)
 100
Gelwei ght(0)/ Pol ymerwei gth(0)
Pol ymerwei ght(0)- Pol ymerwei ght(t)
 100
Pol ymerwei gth(0)

Swelling values are normalized to polymer weight to account for lost polymer mass during the
swelling study. Further, to evaluate whether the salts blended in the MC hydrogel would leach
out with time during in vitro culture, the coated TCPS dish was loaded with cell culture media
and the osmolality of the loaded media was monitored with time using an osmometer (Model
3300, Advanced Instruments, Inc., Norwood, MA, USA). An uncoated TCPS dish loaded with the
same media was used as a control.
6.2.6: Culture of ASCs on MC Coated TCPS Dishes
To improve the cell adhesion properties the MC hydrogel surface was further coated
with collagen (100-150µL of aqueous type I collagen (0.5 mg/mL, bovine dermis collagen, Sigma
Chemical Co, USA). Since, only alkaline collagen forms gel net work at physiological
temperatures, the collagen solution was adjusted to pH 7.5 using NaOH and HCl. For dilutions
10X PBS (Sigma Chemical Company, USA) was used. Adipose stem cells were isolated from
human fat tissue as described in previous chapters. Passage 0 (P0) cells were used in this study.
The ASCs were added to the MC coated dish along with the stromal media containing 90%
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DMEM/F-12, 10% fetal bovine serum and 1% penicillin-streptomycin. Care must be taken to
add media at 37 ⁰C. Cell attachment and growth were observed daily using a light microscope
(E600, Nikon, Tokyo, Japan). A collagen-coated TCPS dish was used as a control.
6.3 RESULTS AND DISCUSSION
6.3.1: Thermal Characterization of Aqueous MC Solutions
A typical example of calorimetric thermogram determined using diamond DSC is shown
in Fig 6.2 for a 2% solution of M7140 in 1X PBS. In the heating process, a sharp endothermic
peak was observed at around 47 C indicating the incipient gel formation temperature (IGT).
DSC has been routinely used to detect endothermic heat of dehydration of polymeric materials
(Sarkar and Walker 1995). Thermal gelation of MC is caused by hydrophobic interactions
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Figure 6.2: A calorimetric thermogram showing the incipient gelation temperature of M0512
at 2% in 1X PBS solution.
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are hydrated and there is little polymer–polymer interaction apart from entanglement. As the
temperature rises the solutions become less viscous and their viscosity decreases. Before
dehydration is complete, polymer–polymer association occurs leading to an increase in viscosity
(Sarkar 1979). As the temperature is increased, molecules absorb translational energy and
gradually lose their water of hydration, resulting in lowering of viscosity. Eventually, a
polymer-polymer association takes place, due to hydrophobic interactions, causing
cloudiness in solution and an infinite network structure which results in a sharp rise in
viscosity and turbidity as long as the concentration is relatively high. To further prove if the
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Figure 6.3: DSC thermograms of aqueous M0512 MC solutions at various concentrations.
From top curve to bottom curve: 1%, 2%, 3%, 4%, 5% and 6%. The aqueous MC solutions
were prepared as described in the methods section of this chapter.
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assessed using the qualitative tube inversion method (data not shown). In this method it was
assumed that a sample having a yield stress (gel) will not flow whereas a viscous but inelastic
sample (sol) will show appreciable flow (Macosko 1994). Gel formation temperature values for
the MC concentration series obtained from both DSC and tube inversion measurements were
found to be statistically equivalent indicating the DSC endothermic peak was the representation
of gel formation during heating.
Fig. 6.3 shows the effects of polymer concentration on heating thermograms for M0512.
For the ease of visualization, the thermogram curves for all the concentrations were vertically
lifted by a stepwise amount to prevent the curves from overlapping. As shown in Fig 6.3, as the
concentration increases endothermic peak increases in height with increasing MC
concentration but the peak temperature remains almost the same for up to 4% at around 53
⁰C. In addition, the endothermic peak becomes broader with increasing MC concentration
suggesting the total energy absorbed by the MC solution increases with concentration.
However, For M0512, the solutions above 4% are highly viscous and are extremely difficult to
manipulate for TCPS dish coatings.
It was reported that the addition of salts lowers the gelation temperature of the
aqueous MC solution (Grignon 1980; Li et al., 2003; Xu et al., 2004; Chen et al., 2006). Upon the
addition of salts, water molecules are placed themselves around the salts as water has high
affinity to salts than polymer. Therefore, it reduces the intermolecular hydrogen-bond
formations between water molecules and the hydroxyl groups of MC. This can increase the
hydrophobic interaction between MC molecules and lead to a decrease in their gelation
temperature (Chen et al., 2006; Xu et al., 2004).
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Figure 6.4: DSC thermograms of aqueous M0512 MC solutions (2% w/v) blended with
different concentrations of PBS. From top curve to bottom curve: 0.0X, 0.5X, 1.0X, 2.0X, 4.0X
and 6.0X. The aqueous MC + Salt solutions were prepared as described in the methods section
of this chapter.
Fig 6.4 shows the effects of PBS concentration on the heating thermograms for M0512.
As shown, the endothermic peak shifted to the left with increasing PBS concentration. This
indicated that the addition of PBS in the aqueous MC solution reduced its sol gel transition
temperature. Additionally, as higher concentration of PBS was used, then a lower temperature
in its sol gel transition was observed. This fact was also observed in the measurements using
tube inversion method.
Effects of salts and ions on the sol-gel transformation of polymers have been extensively
studied (Heymann 1935; Sarkar 1979; Sarkar and Walker 1995; Xu et al., 2006; Xu et al., 2004).
In general, salts may either enhance or reduce the hydrophobicity of a solute in water. It is
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known that the salts mixed usually have a greater attraction for water molecules than polymer
molecules, resulting in the removal of water of hydration from polymer chains and thus
dehydrating or ‘salting out’ the polymeric molecules (Chen et al., 2006; Xu et al., 2004). It is well
known that the molecules of a certain substance will accelerate its moving rate when giving a
heating supply. Because the polymer molecule size and the water molecule size differ from
each other greatly, they will behave quite differently when receiving such a heating supply. The
smaller ones turn to move quickly while the bigger ones turn to move slowly. Such a difference
in moving velocity will dispatch them from each other. Therefore the presence of any salts or
electrolytes will promote this reduction in water polymer interaction because of the competing
of the water by salts which reveal to us a decrease of the gel formation point.
6.3.2: Osmotic Response of Salt Blended MC Hydrogels
The osmolalities of aqueous MC solutions, used to prepare the MC hydrogels, increases
nearly linearly with increasing the concentrations of the salt blended and MC (Chen et al.,
2006). The osmolality of the cell culture media is normally maintained at ~300 mOsm/kg. At
higher PBS concentrations due to the large difference in osmolality between the coated MC
hydrogel and the cell culture media, the salts leak out from the hydrogel and join the cell
culture media by significantly increasing its osmolality. This restricts the addition of large
amounts of salts to MC solutions in order to reduce their gel formation temperature below the
physiological temperature. For example as shown in Fig 6.4, the gel formation temperature of
M0512 drops to below 37C for 2% aqueous solution with the addition of 4X or 6X PBS.
However, as shown by Chen et al., (2006), the osmolality of the culture solution significantly
increases at high salt concentrations due to the increased osmotic difference between
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Figure 6.5: Effect of the concentrations of M0512 and PBS on the gelation temperature. The
aqueous MC + Salt solutions were prepared as described in the methods section of this
chapter.
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Figure 6.6: Changes in the osmolality of the stromal media loaded in the M0512 coated TCPS
dish. The final concentration of the coating after 50% drying is 8% of M0512 + PBS. The 
symbol signifies the permissible osmolality during cell culture
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the hydrogel coating and the cell culture media (Fig 6.5). To evaluate the stability of the coated
M0512 hydrogels after 50% drying under fume hood, a stromal cell culture solution with an
osmolality of ~280 mOsm/kg at 37 °C was loaded onto the coated TCPS dishes. An uncoated
TCPS dish loaded with the same culture solution was used as a control. Changes in osmolality of
the loaded PBS solution with time were monitored by an osmometer and the data is shown in
Fig 6.6 (Chen et al., 2006).
There were several shortcomings with MC hydrogels generated from M0512. It was not
convenient to dry the coated MC gel for 50% under fume hood. Due to the uneven drying, the
obtained hydrogel systems were not stable and degraded with time and more often
disintegrated as soon as the media was added (more discussion in the next sections).
Moreover, our experiments suggest that by 50% drying of 4% M0512 with 0.5X PBS could not
yield a gel formation temperature below 37 ⁰C (see the Fig 5.4, filled red circles) as was the case
with Chen et al., 2006. Our data indicate that 50% drying of 4% M0512 with 1.0X PBS generate
a gel formation temperature of ~ 30 ⁰C. However after drying 4% M0512 with 1.0X PBS the
concentration of salts in hydrogel may have become twice and due to which there was a
significant increase in osmolality of the stromal media with time as shown in Fig 6.5.
6.3.3: Effect of Molecular Weight on the Gelation of MC Solutions
In order to develop a more convenient method to coat MC onto TCPS dishes, the
thermal properties of two more commercially available MCs with different molecular weights
(M0262, Mw=41000 and M7140, Mw=15000) were thoroughly investigated in this study. Due
to their low molecular weights as compared to M0512 (Mw=88000), highly concentrated and
manageable MC solutions, up to 8% for M0262 and up to 16% for M7140, could be prepared. In
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further analysis, only lower concentrations of salts (0.5X and 1.0X PBS) were analysed as the
experiments with M0512 suggested that high concentrations of salts produce significant
increase in osmolality of the culture media. Table 6.2 shows the incipient gelation temperatures
(IGTs) of the MC solutions as function of molecular weight. It is interesting to note that within
the molecular weight range studied there is no noticeable difference in the IGT. This is contrary
to the classical polymer chemistry where one expects an increase in precipitation temperature
with decrease in molecular weight. This anomalous behavior of methylcellulose solution can
however be explained if one takes into account the molecular weight distribution and the state
of aggregation of the polymer in solution (Li et al., 2003; Sarkar 1979; Wang and Li 2005). All
the methylcellulose samples have a wide molecular weight distribution where the ratio of
weight to number-average molecular weight may vary from 3 to as high as 10 depending on the
type of pulp used and the processing conditions (Sarkar 1979). The incipient gelation
Table 6.2: Gelation temperatures of MC-water solutions

MC
Concentration
(%)

Gel Point from Calorimetry Experiments (˚C)
M0512
(mol. wt. = 88,000)

M0262
( mol. wt. = 41,000)

M7140
( mol. wt. = 15,000)

2

53.1 (±0.8)

52.5 (±0.3)

50.8 (±0.7)

4

52.2 (±1.3)

48.2 (±1.1)

46.4 (±1.9)

6

48.2 (±1.0)

45.8 (±1.4)

44.9 (±1.5)

8

—

43.2 (±1.4)

44.1 (±0.9)

10

—

41.7 (±2.0)

40.1 (±1.2)

12

—

—

37.6 (±0.8)

14

—

—

34.6 (±1.9)

16

—

—

31.1 (±1.5)
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Figure 6.7: Thermal gelation of M0262 (Mw: 44000 and a viscosity of 400cp for 2%MC in
water at room temperature and pressure) as a function of concentration in 0.5X and 1X PBS
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temperatures actually reflect the influence of the high molecular weight fraction of the sample,
which precipitates out first. All the samples of varying average molecular weight contain similar
high molecular weight fractions, although of varying amounts. This is the reason why all these
samples are exhibiting similar gelation temperatures. As the gelation temperature was
independent of the molecular weights investigated, the IGTs of low molecular weight MCs
(M0262 and M7140) at high concentration aqueous solutions were further investigated using
DSC.
Fig 6.7 and Fig 6.8 show the effects of polymer concentrations of M0262 and M7140
respectively with 0.5X and 1.0X PBS. The data indicates that 8% of M0262 with 1X PBS has a
gelation temperature of ~ 37 ⁰C (See Fig 6.7). However for M7140 a gelation temperature as
low as ~25⁰C could be achieved with 16%MC and 0.5X PBS. Since a lower concentration of
M7140 was convenient to manipulate for spin coating the TCPS dish, a concentration of 14%
with 0.5X PBS was used for hydrogel formation. We found that this specific aqueous MC
underwent a sol-gel reversible transition upon heating or cooling at approximately 32⁰C (See
Fig 6.8).
To evaluate the stability of the MC hydrogel coated on TCPS dishes, a stromal solution
with an osmolality of ~ 280 mOsm/kg at 37 °C was loaded in the coated dish. An uncoated dish
loaded with the same stromal solution was used as a control. Changes in osmolality of the
loaded PBS solution with time were monitored by an osmometer (Chen et al., 2006). As shown
in Fig 6.9, the osmolality of the PBS loaded in the MC-coated dish was comparable to that of the
control one. Additionally, the MC hydrogel coated on the polystyrene dish stayed intact
throughout the entire course of the study.
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Figure 6.9: Changes in the osmolality of the stromal media loaded in the M7140 coated TCPS
dish. Aqueous solution of 14% MC was blended with 0.5X PBS

6.3.4: In vitro Degradation and Swelling of MC Hydrogels
The stability of the MC hydrogels generated from all the molecular weights was further
investigated by assessing potential polymer degradation and swelling of the hydrogels when
subjected to isotonic cell culture. MC hydrogels were constructed using the following
concentrations of MC in PBS. For M0515: 8% MC blended with 0.5 and 1.0X PBS (after 50%
drying of 4% MC); for M0262: 8% MC blended with 0.5 and 1.0X PBS; for M7140: 14%MC
blended with 0.5 and 1.0X PBS. As shown in Fig 6.10, for all the samples investigated the
hydrogels reached maximum swollen volume by day 1. Swelling data for low molecular weight
polymers differed slightly with M0262 showing more swelling than M7140. However the
swelling of M0515 was significantly lower than both M0262 and M7140 (see Fig 6.10A, 6.10C,
6.10E). All the hydrogel systems demonstrated some amount of degradation immediately after
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adding cell culture media (See Fig 6.10B, 6.10D, 6.10F). After this initial loss of polymer mass
the degradation profile somewhat leveled off for the duration of the experiment except for
M0512. The hydrogel generated was unstable and during the removal of culture media, small
patched of hydrogel coating peeled off from the surface. This could be because the hydrogel
would have unevenly dried in the fume hood and different regions had different polymer and
salts concentrations. This further suggests that using M0252 for cell sheet generation may not
be desirable.
6.3.5: Culture of ASCs onto MC Coated Surface and Fabrication of Cell Sheets
For all cell culture experiments, M7140 with 14%MC blended with 0.5X PBS was used to
generate the MC coated TCPS dishes. The hydrogel system generated had a thermoresponsive
gelation temperature of 32C. The ASCs cultured on MC coated surface did not attach and
formed structures like embroid bodies as shown in Fig 6.11. To improve cell attachments a
neutral aqueous bovine collagen type I was evenly spread over the MC coated dish at 37 C. It
was reported that under the influence of increasing temperature, collagen molecules selfassemble into a gel network (Meinel et al., 2004; Pederson et al., 2003; Tianhan et al., 2007,
Chen et al., 2006). 100-150µl of 2mg/ml collagen was evenly spread over the MC coated
surface. Thermal triggering of collagen gelation was demonstrated at temperatures as low as
20 ⁰C (Kadler et al., 1996; Pederson et al., 2003). Thus, a thin layer of collagen was formed on
the surface of the MC hydrogel gradually (the collagen/MC hydrogel) during incubation for one
hour at culture temperature. A scanning electron microgram of collagen network formed onto
the MC coated TCPS dish is shown in Fig 6.12. Collagen coating significantly improved the ASC
cell adhesion and proliferation as shown in Fig 6.13A and Fig 6.14.
154

Figure 6.11: ASCs cultured on MC coated TCPS dish. The image shows the unreceptiveness of
P1 ASCs when seeded on the MC hydrogel surface and generation embroyd like structures.
The cells were cultured for 24 hours.

Figure 6.12: SEM image of collagen coating at room temperature. 100-150µl of 2% collagen
type 1 is uniformly applied to the MC coated surface and subsequently kept at 37 C for 1 2 hours.
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Figure 6.13: A: Passage 1 ASC attachment to MC+Collagen coated surface. B: Cell attached
to non-coated TCPS dish (control)

Day 1

Day 3

Day 5

Figure 6.14: Photomicrographs of passage 1 ASCs cultured on the MC + collagen coated
TCPS dishes for 1, 3 and 5 days, respectively
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Time
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Figure 6.15: Photomicrographs of detaching ASC cell sheet with time (20X)
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Upon conﬂuence, a continuous monolayer ASC sheet was formed on the surface of the
MC hydrogel (Fig 6.14). When the grown cell sheet was placed outside of the incubator at room
temperature, it detached gradually from the surface of the thermo-responsive hydrogel
spontaneously, without treating with any enzymes. The grown cell sheet started detaching
from its edge at about 2min after cooling at room temperature. Detachment of the entire cell
sheet was completed within 3-5min. However, such phenomenon was not observed for the
cells cultured on the surface of the collagen-coated TCPS dish. Fig 6.15 shows the continuous
detachment of ASC sheet with time.
A multilayer tissue construct was formed by using two or more MC+collagen coated
TCPS dishes (Fig 6.16) using a method described by Hayashida et al., (2006). P1 ASC sheets were
transferred from one MC grafted culture dish as a monolayer onto another MC+collagen coated
culture dish using a PVDF membrane support by lowering the temperature below 32C. When
the monolayer on MC + collagen coated dishes was incubated at a lower temperature with a
donut shaped PVDF membrane over it, the polymer MC dissolved and which in turn resulted in
weak adhesion between the cell monolayer and the surface. The membrane together with cells
was peeled off and transferred to a monolayer on another MC + collagen coated dish at 37⁰C.
Upon reincubation at 37⁰C, cells from the membrane adhered to the monolayer as an intact cell
sheet. The third cell layer was overlaid onto the double layered construct to get a three cell
thick multilayered cell construct. After lowering the temperature, the multilayer cell sheet was
detached generating a multidimensional cell sheet.
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Cell Sheet

Figure 6.16: Steps involved in generating multi-layered ASCs tissue construct. The cell sheet
harvested from one TCPS dish was transferred to another TCPS dish by using a polyvinylidene
diﬂuoride (PVDF) donut-shaped support membrane and placed directly onto the second cell
sheet growing in a separate TCPS dish.
The single or multilayer cell sheets may be used in the applications to tissue
reconstructions. Single cell sheets can be transplanted directly to host in the case of skin
(Yamato et al., 2001) corneal epithelium (Nishida et al., 2004), and periodontal ligament
(Hasegawa et al., 2005). By Layering homotypic cell sheets in a three dimensional tissue
structures and by using differentiation ability of ASCs we can create three-dimensional
structures such as cardiac muscle. Using heterotypic sratiﬁcation, laminar structures such as
159

kidney glomeruli, and liver lobules can be successfully constructed.

Using cell sheet

engineering, we can thus altogether avoid the need for conventional tissue engineering
approaches using isolated cell injections and scaffold based technologies, whose applicability is
often limited.
6.4 CONCLUSIONS
In this study a method, using a thermoreversible methylcellulose (MC) hydrogel coated
on the TCPS dish, was developed for harvesting a living ASC sheet for tissue engineering
applications. The thermal gelation properties of three commercially available MC were
systematically investigated for their gel formation, swelling and degradation phenomenon at
physiological temperatures. This non-invasive method of cell retrieval using MC coated TCPS
dishes allows creation of single and multilayered cell sheet constructs preserving cell-cell and
cell–extracellular matrices. The obtained living cell sheets may be used for ASCs tissue
reconstructions.
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